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Abstract

Experiments at the bending magnet beamline at BESSY II (EDR beamline) profit from the excellent coherence

properties of third generation synchrotron sources. Considering the exponentially decaying incident spectrum, and

because no optical elements are installed except slits and vacuum windows, coherence experiments can be performed

between 5 keVo Eo15 keV. First, the energy dependence of spatial coherence properties were determined measuring

diffraction at single and double pinholes. Next, the coherent white radiation was used to probe the morphology of thin

films in reflection geometry. The recorded intensity maps (reflectivity versus sample position) provide speckle patterns

which reveal the locally varying sample morphology. Setting the incident angle, ai; smaller or larger than the critical

angle of total external reflection, ac; one should be able to separate the surface height profile from the subsurface density

modulation of a sample. The validity of this approach is verified at the example of reciprocal space maps taken from a

polymer surface where we could reconstruct the lateral height profile from speckle data.
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1. Introduction

For about 4 years the University of Potsdam has
run a bending magnet beamline at the third
generation synchrotron source BESSY II at Berlin
(Germany) exploiting the hard X-ray part of white
synchrotron radiation [1]. Due to the emission
e front matter r 2004 Elsevier B.V. All rights reserve
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spectrum of 1.7 GeV storage ring, the experiments
can use a small part of the spectrum only decaying
exponentially between 5 keVoEo25 keV. The
beamline provides excellent coherent X-ray radia-
tion since no optical elements are installed except
slits and vacuum windows. Several experiments
were already performed profiting from the con-
tinuous spectrum. For example, X-ray reflectivity
was used to measure negative thermal expan-
sion of thin polymer films [2,3]. By recording
out-of-plane reflectivity and in-plane diffraction
d.
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simultaneously using two energy-dispersive detec-
tors, we could observe thermally induced phase
transitions in organic supramolecular films with a
time resolution of a few seconds [4]. Further
applications for material characterisation are
white beam topography and white beam X-ray
fluorescence.

Recently, we started experiments making use of
a spatial coherence length of a few tens of microns
of the white beam. From our first considerations it
was clear from the beginning, that despite the low-
energy resolution of an energy-dispersive solid-
state detector of about 200 eV, interference phe-
nomena should be observable. Indeed, diffraction
patterns have been detected simultaneously in the
energy range between 5 keVoEo15 keV behind
single pinholes of different diameters and double
pinholes with different separations [5,6,12]. These
experiments were used to probe the coherence
properties of the beamline and the interface
properties of organic thin films in reflectivity
geometry.

Coherence experiments to reconstruct the sur-
face morphology of solids were already performed
using monochromatic radiation [7,8]. Illuminating
a sample with coherent radiation, the scattering
pattern can be interpreted by the Fourier trans-
formation of the particular height distribution
within the coherently illuminated sample area. In
particular, the diffuse scattering splits into speckles
which reflects the height fluctuations of the sample
on micrometer length scale. Subsequently, the
speckle pattern can be used to reconstruct the
surface morphology [9]. Despite the low-energy
Fig. 1. Experimental set-up for pinhole experiments (position A) and r

the EDR beamline of BESSY II.
resolution of the energy-dispersive detector and
the restricted space within the experimental hutch,
we came to the conclusion that coherent experi-
ments can also be performed at the energy-
dispersive reflectivity (EDR) beamline using a
white beam. One essential advantage of an
energy-dispersive set-up for these kinds of experi-
ments is that the footprint area at the sample can
be kept constant while scanning the reciprocal
space and that a wide qz range is accessible
simultaneously. In this paper, we will show that
this technique makes it possible to distinguish
between surface and sub-surface information
recording coherent reflectivity pattern with inci-
dent angles ai smaller or slightly larger than the
critical angle of total external reflection, ac: In
particular, we reconstructed the sample morphol-
ogy of a thin polymer film covered on silicon from
the measured speckle pattern.
2. Experiment

The general setup of the experiment is shown in
Fig. 1. The incident beam is guided through a 30 m
long evacuated tube and is released into air
through a 100 mm Kapton window (exit window).
The absorber box contains aluminium foils of
various thickness to tailor the detectable beam
intensity. Next, the beam passes a pinhole at a
distance of 0.215 m in front of the sample.
The container houses a set of five different pinhole
(5–50 mm) diameters made from platinum. The
pinholes are adjustable via remote control in
eflectivity measurements with coherent radiation (position B) at
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the plane perpendicular to the beam direction. In
between the sample and energy-dispersive detector
an evacuated tube is placed in order to reduce
absorption and scattering by air. The effective
detector area is restricted by a second pinhole of
typically 10 mm in diameter to achieve a good
spatial resolution. The spectral distribution of the
incident radiation I(E) can be approximated
by a function IðEÞ ¼ a expð�bEÞexpð2c=E3Þ;
where a ¼ 107 cps; b ¼ 0:5 keV�1 and c ¼

40024000 keV3 are parameters describing the total
intensity through a 10 mm pinhole, the decay of the
BESSY emission spectrum and the absorption by
air and absorbers, respectively. The lowest detect-
able energy is limited by air absorption and the
maximum energy usable is limited by the expo-
nential decay of the BESSYII spectrum. In
summary, one can use a spectral range between
5 keVoEo15 keV for experiments with coherent
radiation. The number of coherent photons is
sufficiently large considering the very low noise of
the ED detector. The measurements of the
intensity distribution of a diffraction pattern using
a small detector pinhole requires a large dynamic
range of the detector. While in the centre of the
diffraction pattern the intensity is extremely high,
it decreases strongly with the distance to the
centre. Each energy-dispersive experiment suffers
from the relatively low integral count number,
which can be processed by the detector. The
used XFlash 100 (Fa. Roentec [10]) allows to
execute an integral count rate of 30 000 cps with
only a small loss of linearity of the count rate due
to dead time effects and ‘‘pile-ups’’. Due to very
low noise of the detector, even very low signals can
be measured—they are limited by the ‘‘count
statistics’’.

To measure the coherence properties of the
beamline we installed the detector directly into the
incident beam direction (position A in Fig. 1) and
measured diffraction by pinholes with different
diameter, i.e. without a sample within the beam
path. Here the source-pinhole to detector distance
was 1.4 m. The pinhole diffraction was recorded by
scanning the detector in a vertical direction
through the diffracted beam. Because the intensity
of the incident beam is still too high, the detector
was offset by a few micrometers horizontally.
For measuring reflectivity, the sample was
equippied at a goniometer and illuminated by the
incident beam with a fixed incident angle ai: The
detector was moved out horizontally to a scatter-
ing angle af ¼ 2ai (position B in Fig. 1). At this
geometry, one probes the specularly scattered
intensity simultaneously within the accessible
energy range. At this fixed scattering geometry,
the sample is scanned through the incident beam in
the y-direction (sample scan) in order to probe the
sample morphology. This has the advantage that
the illuminated footprint area is always constant.
Using a 10 mm wide beam the vertical step width
was 10 mm as well.

An off-set scan can be recorded as well, moving
the detector horizontally out of the specular
condition by an off-set angle Da: Reciprocal space
maps are obtained by recording energy spectra at
fixed sample position for varying Da and subse-
quent transformation into reciprocal space using
Eq. (1).

qx ¼
2p � E

hc
ðcosðaf Þ � cosðaiÞÞ

� �
kE

2
ðDa � aiÞ;

qz ¼
2p � E

hc
ðsinðaf Þ þ sinðaiÞÞ

�
kE

2
ð2ai þ DaÞ; ð1Þ

where af ¼ ai þ Da is the extit angle with respect to
the sample surface and E is the photon energy in
kilo-electron-volt and k � 1:013 (A

�1
=keV [2,3].
3. Characterization of the incident beam by pinhole

experiments

Fig. 2 shows four experimental diffraction
patterns recorded using single pinholes with
different diameters. The detector pinhole always
was 5 mm. Whereas the interference fringes are
clearly visible for the 10 and 15 mm pinholes, their
contrast decreases for 25 mm and disappears for
the 35 mm pinhole. Already from visual inspection,
one finds out that the vertical transverse coherence
length L has to have a value between 25 and 35 mm
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Fig. 2. Fraunhofer diffraction pattern obtained after scattering at a 10, 15, 25 and 35 mm pinhole. From the visibility of fringes one can

already see by eye that the transversal coherence length has a value between 25 and 35 mm.

6 8 10 12 14 16

1.

10          
15 µm           pinhole
25 µm pinhole

vi
si

bi
lit

y

energy       [keV]

µm pinhole

0

1.9

1.8

1.7

1.6

1.5

1.4

1.2

1.3

1.1

0.0

(a)
(b)

(c)
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within the accessible spectrum. The straight con-
trast line at about 12 keV probably marks an
absorption edge of detector material. At a certain
energy E; and for a pinhole diameter of d; the
averaged visibility V ðEÞ

V ðEÞ ¼
ImaxðEÞ � IminðEÞ

ImaxðEÞ þ IminðEÞ

¼
sin psdE

12;398R

� �
psdE

12;398R

������

������ ð2Þ

is approximated by the contrast between the
minima and maxima of the diffraction pattern.
Although the experimental conditions do not fully
satisfy the far-field condition, within the accessible
energy range V ðEÞ can be approximated fairly well
by the Fraunhofer approach shown at the right-
hand side of Eq. (2). It contains the source size s

and the source-to-pinhole distance R. As seen in
Fig. 3, the visibility decreases nearly linearly with
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Fig. 4. Double pinhole interference pattern measured in

forward direction after scattering at two 2 mm pinhole separated

by H ¼ 37mm—Young’s slit experiment (a) and after reflection

under ai ¼ 0:051 from two 0.5 mm width mirrors separated

H ¼ 7 mm—bi-mirror experiment (b). The respective experi-

mental set-up used is shown as an inset.
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increasing energy for all three pinhole diameters
used for evaluation. Considering the known source
size of a BESSY II bending magnet of s ¼ 45 mm
[11] and the real source-pinhole distance R ¼ 30 m
the simulation does not match the experimental
data (see black lines in Fig. 3). A reasonable fit one
obtains using s ¼ ð46 � 6Þmm and an effective R ¼

7:6 m: This R value coincides fairly well with the
position of the Be window measured up-stream
from the source pinhole, which acts as a ‘‘virtual
source’’ [12] for the experiment. The ‘‘virtual
source’’ size equals the real source size of the
bending magnet.

In general, our experiment has shown that at
present experimental conditions a coherent beam
experiment with V40:5 can be realized for pinhole
diameters of 10 and 25 mm up to about 16 and
8 keV, respectively.

Qualitatively similar measurements of coherence
properties can be performed replacing the single
pinhole by two pinholes separated by the certain
distance H. As long as H is smaller than L; the
scattered beams of both pinholes will create the
interference pattern of a double slit (Young’s
experiment) whereas in the opposite case one will
find the diffraction pattern of a two neighboured
Fraunhofer pattern [13]. That is demonstrated in
Fig. 4a, where a 2 mm pinhole were sputtered into a
30 mm thick tantalum foil separated by H ¼ 37mm;
respectively. Since L is a function of energy, the
transition between the two cases appears at a
certain energy, here at about 8 keV.

Another possibility of a ‘‘double slit’’ experi-
ment was realized recently using a Fresnel bi-
mirror arrangement. It uses the strong demagnifi-
cation of the length of a mirror if it is observed
under very small ai: In contrast to the experiments
made by Fezzaa et al. [14,15] who used two
individual mirrors, we used a monolithic version.
Two mirror planes of 0.5 mm length at a single
wafer were separated by a mechanically milled gap
by H ¼ 7 mm: Observing in reflectivity mode
under small ai ¼ 0:051 two thin stripes separated
by a few microns act as two point sources and their
interference pattern can be observed by a detector
at a distance of 1.3 m. The arrangement (see inset
in Fig. 4b) acts like Young’s double slit experi-
ment. The evaluation of the interference fringes
can be performed similar to Young’s experiment
[14,16].

Fig. 4b shows an experimental diffraction
pattern measured from a polished silicon wafer.
The geometric parameters are equivalent to a
Young slit experiment using two slits of 0.9 mm
width and 12 mm separation. In contrast to micron
sized Young slits for hard X-rays, [12] a millimeter
sized bi-mirror is easy to prepare. Additionally, it
has the advantage that one can easily change the
effective ‘‘slit’’ width and their separation by
changing ai: This device can be used below the
angle of total external reflection of the mirror
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material without causing problems with unwanted
transmission as it happens in the case of a Young
experiment using thin metal foils [13]. The experi-
ments show that one can easily determine the
degree of coherence of any experimental set-up
using a very simple method.
4. Coherent reflectivity from polymer surfaces

The reflectivity of a thin polymer film was
probed using the coherent white beam. Using a
10 mm pinhole and for ai ¼ 0:1521; 0.2391 and
0.2821, the sample was scanned through the
geometrically fixed reflectivity condition in steps
Dy ¼ 10mm: This is shown in Fig. 5. On increasing
ai an increasing number of thickness oscillations
Fig. 5. Sample scans pattern of a thin polymer film recorded at

three different ai: The spatial resolution is 10mm. The number

of visible thickness fringes increases with increasing ai (a). For

ai ¼ 0:2821 (b) we show a single spectrum Iðai; yÞ taken at a

certain sample position y (left) and the sum spectrum

IðaiÞ ¼
R

Iðai; yÞ dy(right).
are clearly visible corresponding to an average film
thickness of 34 nm. On the other hand, the
intensity Iðqz; yÞ differs strongly for different
sample positions y. At a certain y there are
additional peaks or any peak at high qz may
exceed the intensity measured at lower qz-value
(see left side of Fig. 5b). This behaviour cannot be
understood by specular reflectivity in terms of
Fresnel formulas. Here the measured intensity is
the Fourier transform of the morphology function
hðx; yÞ of the coherently illuminated sample area,
which is 10 mm	 2.4 mm in case of ai ¼ 0:2391:

Interestingly, the reflectivity curve IðqzÞ ¼R
Iðqz; yÞdy=

R
dy behaves like a Fresnel reflectivity

multiplied by the spectral function of the incident
beam IðEÞ (see right-hand side of Fig. 5b).

The spatial variation of intensity Iðqz; yÞ for a
certain qz is accessible in all three intensity patterns
of Fig. 5. That means that one and the same qz has
been probed at different ai: Considering reflection
at the air sample interface, the respective particular
speckle pattern stems from the surface or from a
depth which includes a substantial amount of
subsurface information. In Fig. 6 it is clearly seen
that the spatial variation of intensity for ai ¼

0:1521 differs from those extracted at ai ¼ 0:2391;
on the other hand the features extracted from
0.2391 and 0.2891 show a certain similarity.
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5. Reconstruction of the sample profiles

Sample scans are not sufficient to reconstruct
the sample profile hðx; yÞ: It requires an additional
lateral momentum transfer qx: This is realized by
recording at series of ‘‘off-set scans’’ with different
Da at a particular sample position as shown in
Fig. 7a. The respective intensity map IðE;DaÞ is
transformed into a reciprocal space map Iðqx; qzÞ

(Fig. 7b). It shows distinct features which vary as a
function of qx and qz: For example, the set of
straight lines perpendicular to qx correspond to a
lateral length scale of a few hundred microns.
From this reciprocal space map we extracted line
scans at certain qz; which were used to reconstruct
the sample profile function. Based on the formal-
Fig. 7. Reciprocal space map of a polymer sample at a particular sam

obtained by taking several off-set scans with different off-set angle

reciprocal space coordinates using Eq. (1).
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ism developed for monochromatic radiation [9] we
found the height profile hðxÞ by iterative fitting of
the speckle pattern extracted for a particular qz:
using the relation

IðqxÞ � jAðqxÞj
2; (3a)

where AðqÞ is the speckle amplitude given by

AðqxÞ / FCTRðqzÞ

Z

O

eiqzhðxÞeiðqxxÞ dx; (3b)

considering that the resolution in y direction is
integrated. In Fig. 3b we neglect the contribution
from crystal truncation rod, F ctrðqzÞ; which scales
with qz

�1. Additionally, we neglect the influence of
the polymer substrate interface. The results are
ple position. The left figure (a) represents the raw data IðE;DaÞ;
Da: The right figure (b) is obtained after transformation into
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shown in Fig. 8 for three different qz-values. In
first approximation we neglect the fact that the
energy slightly varies for changing jqxj: At the
particular geometric condition and our sample the
critical momentum of the film qc ¼ 0:021 (A

�1
:

Subsequently qz ¼ 0:020 (A
�1

probes a sample
thickness of 3 nm, whereas the other two qz values
probe a thickness of more than 100 nm. Fig. 8
shows that the morphology changes with qz: For
qzoqc the features with a lateral distance of
1.0 mm can be identified with height fluctuations
of the films surface, whereas for qz4qc they are
mainly caused by density fluctuations within the
polymer film. In order to separate surface from
subsurface information, one has to find an
appropriate mechanism to extract both profiles
from each other. In the future, the reconstruction
method will be applied for dynamic measurements
at polymers. For example, it is interesting to
observe the melting of artificial surface nano-
structures close to the glass transition temperature
of the respective polymer [17]. The intrinsic time
scale of these processes fits fairly well the experi-
mental possibilities of the EDR beamline.
6. Conclusion

We have demonstrated various tools to char-
acterise the spatial coherence of the radiation of a
bending magnet beamline using an energy-disper-
sive detector. The transverse coherent ‘‘white’’
radiation can be used to probe the morphology of
thin films and surfaces. The energy-dispersive
method has the advantage that a speckle pattern
can be recorded under fixed geometric conditions,
which keep the resolution element constant as well.
A second advantage is the possibility to probe a
certain range of qz-values simultaneously. This can
be used to probe the momentum transfer at
conditions below or above the critical momentum
of the material under investigation. In general, we
have shown that one can Fourier transform the
recorded speckle pattern in order to reconstruct
the respective morphology function. In the future
we are planning to probe surface height fluctua-
tions and subsurface density fluctuations simulta-
neously. The intensity of the EDR beamline at
BESSY II is sufficient to observe temporal
fluctuations of speckle pattern on a second time
scale.
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