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A new instrument for simultaneous microbeam small- and wide-angle X-ray

scattering and X-ray fluorescence (SAXS/WAXS/XRF) is presented. The

instrument is installed at the microfocus beamline at BESSY II and provides a

beam of 10 mm size with a flux of about 109 photons s�1. A SAXS resolution up

to 500 Å d-spacing and a range of scattering vectors of almost three orders of

magnitude are reached by using a large-area high-resolution CCD-based

detector for simultaneous SAXS/WAXS. The instrument is particularly suited

for scanning SAXS/WAXS/XRF experiments on hierarchically structured

biological tissues. The necessary infrastructure, such as a cryo-stream facility

and an on-site preparation laboratory for biological specimens, are available.

1. Introduction

Hard X-ray microbeams from third-generation synchrotron radiation

sources have become routinely feasible in recent years due to the

high source brilliance and many outstanding developments in X-ray

optics. Among other techniques, such microbeams are important

tools in position-resolved small- and wide-angle X-ray scattering

(SAXS and WAXS) on condensed matter (Riekel, 2000). In parti-

cular, the two-dimensional mapping of nanostructural parameters

derived from two-dimensional SAXS/WAXS patterns has become a

key technique to investigate hierarchically structured nanocompo-

sites such as, for instance, polymer fibres (Riekel & Davies, 2005),

carbon fibres (Loidl et al., 2005) and biological tissues (Paris et al.,

2000; Fratzl, 2003). For hierarchically structured biological tissues,

detailed knowledge of the structure at all hierarchical levels is of

outstanding importance for the understanding of structure–property

relationships (Weiner & Wagner, 1998; Currey, 1999; Kamat et al.,

2000; Fratzl et al., 2004; Aizenberg et al., 2005). Thus, scanning SAXS/

WAXS experiments on hierarchical tissues such as bone or wood

require a beam size adapted to the hierarchical level of interest.

Several studies have been performed so far with laboratory equip-

ment with beam sizes of � 200 mm (Fratzl et al., 1997; Jaschouz et al.,

2003), and with synchrotron radiation with beam sizes from � 20 mm

(Žižak et al., 2000; Žižak et al., 2003) down to about 1 mm (Lichte-

negger et al., 1999; Wagermaier et al., 2007) in recent years. The

principle of the technique having been well demonstrated and

elaborated, one of the needs is now to install dedicated synchrotron

instruments for routine high-throughput scanning SAXS/WAXS

experiments similar to existing laboratory instruments (Jakob et al.,

2003), but with a considerably smaller beam size and shorter data

acquisition time.

Hard X-ray microbeams have already been produced at bending

magnet or wiggler sources (Iida & Takashi, 1993; Mosbah et al., 1999;

Žižak et al., 2000; Nozue et al., 2003). A new microfocus beamline has

recently been designed (Erko et al., 2004) and commissioned at the

7 T wavelength-shifter source at BESSY II in Berlin (Germany). An

experimental station has been developed and installed, with the goal

of implementing a microbeam scanning instrument for the combi-

nation of simultaneous SAXS, WAXS and X-ray fluorescence (XRF)

from thin sample sections. This unique combination of methods

allows mapping of structural parameters from the atomic/molecular

to the nanometre scale by combined SAXS and WAXS, simulta-

neously with chemical composition by XRF. The lateral resolution for

SAXS/WAXS applications is given by the minimum beam size in the

order of 5–10 mm. Here we present the ‘�-Spot’ beamline and the

experimental station layout for scanning SAXS/WAXS/XRF, toge-

ther with first commissioning results in terms of beam size, flux,

accessible range of scattering vectors and SAXS resolution.

2. Microfocus beamline

The beamline was constructed and installed by ACCEL instruments

GmbH as a second branch (40 mrad off-centre) of the 7 T wave-

length-shifter at the third-generation synchrotron radiation source

BESSY II, utilizing the optical hutch of the BAMline (Gorner et al.,

2001). The accessible energy range is 1.9–30 keV, provided by a fixed

exit double crystal monochromator with three sets of crystals (Si 111,

Si 311 and Ge 111). The energy resolution can be varied between �E/

E = 10�4 (Si 311) and �E/E = 10�2 (Si/W multilayer on Si 311).

Several flexible optical schemes make it a multi-purpose beamline for

applications in X-ray scattering and X-ray spectroscopy (Erko et al.,

2004). For scanning microbeam small-angle X-ray scattering (SAXS),

both a small beam at the sample position and a low divergence are

required at a reasonable flux. Mainly two options have been tested so

far for scanning microbeam SAXS/WAXS at the microfocus beam-

line at BESSY II (Fig. 1).



Option (a). This option uses a bimorph mirror (Signorato, 2004)

30 m from the source for vertical focusing, and linear Bragg–Fresnel

lenses (BFL) on the (Ge 111) second crystal of the monochromator

for horizontal focusing (Fig. 1a). Five BFL, fabricated using a new

metal coating technique (Firsov et al., 2001), were installed for

energies of 4, 7, 9, 16 and 24 keV. This focusing scheme was designed

to provide a divergence < 1 mrad (both horizontally and vertically)

and a beam size of roughly 10 mm at a flux of 109 photo-

ns s�1 100 mA�1 (Erko et al., 2004). The toroidal mirror M1 can not

be used for pre-focusing in this option due to its large aberrations.

Option (b). In this option, the beam is focused by the toroidal

mirror M1 located 13 m from the source with a 1:1.53 magnification.

This provides a beam of about 300 mm size (determined by the

surface quality of the mirror) at the focus position with a divergence

of 1 mrad � 0.25 mrad (h � v). The microbeam is then defined using

M1 together with the double multilayer monochromator (DMM) and

a beam-defining pinhole close to the sample (Fig. 1b). The broad

energy band from the monochromator and the pre-focusing with M1

permit a higher flux compared with option (a). An advantage of this

option is also the simple setup and the high position stability of the

beam. A disadvantage is the rather broad bandwidth (�E/E � 10�2)

which, by analogy with small-angle neutron scattering (SANS), leads

to a q-dependent (q ¼ 4� sin �=�, with the X-ray wavelength � and

the scattering angle 2�) smearing of the intensity (Pedersen et al.,

1990).

The beamline performance for SAXS/WAXS was evaluated for the

two options described above for selected energies. The BFL/bimorph

mirror combination [option (a)] was tested at an energy of 9 keV. A

minimum beam size of roughly 15 mm (full width at half maximum,

FWHM) could be reached at the focal position (see Table 1),

although with a lower flux, as expected from ray-tracing calculations.

In particular, the vertical focusing by the bimorph mirrors may be

significantly improved by an automated optimized mirror-bending

routine. Moreover, a new BFL with smaller zone width will be

installed, which should increase the flux by a factor of four. Fig. 2

shows the flux from the multilayer monochromator as a function of

energy for the beam focused with the toroidal mirror [option (b)]. For

the maximum ring current of 250 mA, it delivers an intensity of about

1013 photons s�1 focused to a beam size smaller than 0.5 mm at the

sample position. Therefore, this option can be used for fast time-

resolved SAXS/WAXS experiments as well as for diffuse scattering

from weakly scattering samples without using the microfocus option.

To obtain a microbeam, a beam-defining pinhole is inserted close to

the sample position. A pinhole of 10 mm diameter, together with a

guard pinhole (20 mm diameter) 5 mm apart, delivers a smaller beam

at the sample position than option (a) with roughly an order of

magnitude higher flux (Table 1). This enables at present option (b)

for scanning SAXS/WAXS applications, also in view of the higher

position stability of the beam, which in this case is solely defined by

the stability of the pinhole support.

3. The SAXS/WAXS/XRF experimental station

3.1. Experimental setup

A sketch of the experimental station is shown in Fig. 3. The whole

instrument is placed on a Newport table (2000 mm � 1500 mm)

which can be vertically translated to fit the beam heights for the

different optical schemes [see Fig. 1 and Erko et al. (2004)]. The

sample stage consists of an xyz translation stage (right-handed system

with x = beam direction) and a �–2� goniometer. Microbeam scanning

is provided by an additional small xyz scanning stage with linear

encoders (resolution 100 nm) on top of the goniometer. The whole

goniometer, as well as the SAXS/WAXS detector, can be moved
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Table 1
Comparison of the beamline performance for the two options for microbeam
SAXS/WAXS. The beam size (FWHM) was measured at the sample position and,
for the sake of comparison, the flux through a 10 mm pinhole was measured for both
options with a calibrated photodiode. The divergence is determined by the
acceptance of the BFL and the bimorph mirror M2 for option (a), and by the
horizontal acceptance of the torroidal mirror M1 and the vertical acceptance of the
multilayer monochromator for option (b).

Energy
(keV)

Size
(mm) (h � v)

Flux
(photons s�1 10 mm 100 mA�1)

Divergence
(mrad) (h � v)

Option (a) 9.0 18 � 16 1.7 � 108 0.6 � 1.0
Option (b) 15.0 15 � 11 2.0 � 109 1.0 � 0.1

Figure 2
Flux at the sample position for the X-ray beam focused with the toroidal mirror M1
and monochromated by the W/Si multilayer. The beam size at the focal position is
about 300 mm � 500 mm (h � v). The decrease towards small energies is due to
absorption in air (about 300 mm air path), and the dip at around 12 keV is due to
the W L absorption edges of the multilayer.

Figure 1
Optical layout of the �-Spot beamline with the two options (a) and (b) used for
scanning SAXS/WAXS. M1: toroidal mirror; M2: bimorph mirror, DCM: double
crystal monochromator with linear Bragg–Fresnel lenses; DMM: double multilayer
monochromator; Ph: beam-defining pinhole for option (b); gPh: guard pinhole
close to the sample position; WLS: 7 T wavelength-shifter source; S1, S2 and S3: slit
systems; F: Filter; Sh: beam shutters; fSh: fast shutter for triggering with the
MarMosaic detector; IC: ionization chamber; RT: ring tunnel; OH: optics hutch;
EH: experimental hutch. The distance between the sample and the SAXS/WAXS
detector in the experimental hutch can be varied continuously between 0.1 m and
0.9 m.



independently along the x direction, and the SAXS/WAXS detector

can additionally be moved vertically (z direction) to maximize the

simultaneously accessible q range. Due to space restrictions in the

experimental hutch, the maximum sample to detector distance is

about 1 m. A beam-defining pinhole can be mounted on a motorized

five-axis stage (three translations and two tilts), and a motorized two-

axis stage with a guard pinhole can be placed close (< 1 mm distance)

to the sample to minimize parasitic scattering from air and from the

beam-defining pinhole. A long-distance optical microscope (Infinity

Optical, Boulder, USA) with a resolution of 2.2 mm and a field of view

of 1.6 mm is mounted on the 2� goniometer arm and allows obser-

vation of the specimen on-axis (i.e. parallel to the X-ray beam) for the

definition of scan positions and/or regions of interest on the

specimen. In an off-axis position (e.g. at 45�), on-line observation of

the specimen during X-ray data collection is also possible. The

position calibration of the X-ray beam at the sample position is

performed with a high-resolution CdWO4 crystal on a 1 mm thick

glass substrate, which can be directly viewed on-axis with the optical

microscope. Since the crystal is mounted by default on the high-

resolution scanning stage parallel to the specimen, the beam position

can be checked and calibrated with respect to the absolute sample

position very easily at any time with only a short interruption of the

experiment. The reproducible accuracy of the absolute beam position

is of the order of 2 mm, mostly given by the resolution of the CdWO4

crystal and the optical microscope. The SAXS/WAXS detector is a

MarMosaic 225 (Mar USA, Evanston, USA), consisting of nine

independent 16-bit CCD chips connected to a phosphor screen of

225 mm edge length with fibre optic tapers. The width of the point

spread function is � 100 mm, the pixel size is 73.24 mm and the

readout time at full resolution is < 5 s. In addition to the MarMosaic

detector for SAXS/WAXS, an energy-sensitive detector (Röntec X-

flash, Berlin, Germany) is placed in back-reflection geometry at about

135� (Fig. 3b) in order to collect simultaneously the X-ray fluores-

cence spectrum for each scanning point on the specimen. Alter-

natively, the X-flash detector can be used to measure the fluorescence

signal from the beamstop (e.g. the Pb L lines). Together with an

ionization chamber in front of the specimen, this allows the deter-

mination of the sample transmission for each point during a scanning

SAXS/WAXS experiment. Alternatively, an absolutely calibrated

photodiode can be inserted under remote control into the direct

beam for transmission measurement and for primary flux determi-

nation.

For microbeam SAXS/WAXS applications, the normal beamline

operation is in air, with a very small beamstop placed as close as

possible to the sample position to avoid air scattering (Fig. 3b)

(Riekel et al., 2000). For high-flux SAXS applications with a larger

beam size, insertion of a 500 mm long He-filled flight tube with the

beamstop directly mounted on the Kapton outlet window has also

been successfully tested. The specimen is usually mounted on a small

goniometer head using a magnetic base system, but any other

specimen holder can easily be adapted. For large custom made (in-

situ) setups, the high-resolution scanning table has to be replaced by

the respective setup. A cryo-jet system (KGW, Karlsruhe, Germany)

with liquid N2 is installed at the station and can be used by default for

conference papers

s468 Oskar Paris et al. � BESSY II J. Appl. Cryst. (2007). 40, s466–s470

Figure 4
Two-dimensional SAXS/WAXS pattern from two crossed rat tail collagen fibres
(raw data, no background subtracted). The numbers correspond to different
reflections described in the text. The setup used for the measurement was option
(b) with a 10 mm beam-defining pinhole, a wavelength of � = 0.827 Å and a sample
to detector distance of L = 253 mm. The beamstop consisted of a lead wire of
0.25 mm diameter at a distance of about 50 mm from the sample. (a) shows the
whole pattern with the maximum scattering angle corresponding to 2� = 32� , and
(b) shows the enlarged central region of (a) with the meridional reflections from
dry collagen type II (d = 650 Å) up to the 20th order. The total q range is 0.2 nm�1

< q < 40 nm�1.

Figure 3
(a) Top-view sketch of the experimental station, with main components: sample
goniometer (white) with scanning stage (black), detector and goniometer
translation stages (hatched), and detectors (SAXS/WAXS detector, XRF detector
and optical microscope, dark grey). The light grey shows the microscope rotated
into the beam, with the SAXS/WAXS detector in its parking position. (b)
Definition of the major geometric parameters for SAXS/WAXS: distance l between
sample (S) and beamstop (BS); distance L between sample and SAXS/WAXS
detector, SAXS/WAXS detector size 2R and beamstop size 2r. The XRF detector is
placed in back-reflection geometry and points either to the sample or to the
beamstop (see text).



radiation-sensitive specimens. Finally, biological specimens can be

prepared on-site in a newly constructed preparation laboratory near

to the beamline, allowing, for instance, the direct transfer of native

cryo-sectioned tissues to the cryo-stream facility at the instrument.

First tests have demonstrated the feasibility of cryo-stream cooling in

combination with microbeam SAXS/WAXS scanning of samples of

several mm in size.

The beamline and the experimental station are controlled by SPEC

(Certified Scientific Software, USA), partly on top of an EPICS

control system which operates all beamline motors and some of the

motors in the experimental hutch. A Python-based graphical user

interface (GUI), including tools for online data analysis and inter-

active instrument control, is currently under development.

3.2. Accessible q range and resolution for simultaneous SAXS/WAXS

Fig. 4 shows a two-dimensional SAXS/WAXS pattern from two

crossed rat tail tendon collagen fibres. Features from three hier-

archical levels are recognized simultaneously, i.e. the meridional helix

diffraction peak at 2.9 Å from the triple helical molecules (1), the

equatorial ordering peak from the lateral order of the collagen fibrils

at 11.5 Å (2) and the third-order reflection from the lateral staggering

of the collagen molecules at 217 Å (3) [see e.g. Wess (2005)].

Most SAXS instruments are designed for optimum resolution in

reciprocal space and thus the beam is usually focused onto the

detector. For microbeam applications, however, the focus lies

preferentially at the sample position, and a compromise has to be

found between a minimum beam size and an optimum SAXS reso-

lution. The SAXS resolution can be estimated by assuming Gaussian

functions for the beam profile as well as for the detector point spread

function (Pedersen et al., 1990). Taking into account that the beam

size at the focal position (i.e. at the sample position, B � 10 mm) is

much smaller than the detector point spread function (P � 100 mm

for the MarMosaic 225), the width (full width at half maximum,

FWHM) of the (Gaussian) resolution function can be approximated

by

W0 ’
2�

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ

�
P

L

�2
s

ð1Þ

with the beam divergence angle � and the sample–detector distance

L. Taking a maximum divergence of � � 1 mrad (Table 1), a value of

W0 ’ 0.08 nm�1 is estimated for a wavelength of � = 0.827 Å and L =

253 mm (Fig. 4). Experimentally determined values for W0 derived

from the width of the meridional collagen reflections are given in

Table 2 for different setups.

An interesting aspect in Table 2 is that for the given values of

divergence and detector point spread function, the horizontal reso-

lution is practically independent of the sample–detector distance L

for L > 200 mm. This is also clear from equation (1), which implies

that for very small X-ray beams in the micron range and a detector

with high spatial resolution, the reciprocal space resolution is, for

practical sample–detector distances, determined by the beam diver-

gence. This allows the construction of very compact SAXS instru-

ments (Riekel et al., 2000) and, moreover, it allows simultaneous

SAXS/WAXS measurements over a wide q range. For the example

shown in Fig. 4, a maximum value of qmax = 40 nm�1 can be reached at

about 250 mm sample–detector distance. Together with a minimum

value of qmin ’ 0.2 nm�1, this simultaneously yields a factor of 200 in

q range. The practical value of qmin is determined by the size of the

beamstop (Fig. 3b), which should be placed as close as possible to the

sample in order to minimize air scattering from the direct beam. The

value of qmin can be pushed further to about 0.1 nm�1 by increasing

the sample–beamstop distance l (Fig. 3b), or preferably by using an

even smaller beamstop, since the reduction of air scattering is a

serious issue when investigating weakly scattering samples of a few

microns thickness. A beamstop with a diameter of 125 mm is currently

being tested. Together with a shorter sample–detector distance of L

� 100 mm, a simultaneous q range of nearly a factor of 1000 is

feasible in principle.

For a finite wavelength spread of the radiation, the SAXS/WAXS

resolution contains an additional term which, in contrast with the

angular contribution, is q-dependent. For Gaussian distributions, the

total width is then (Pedersen et al., 1990)

WTot �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2

0 þ

�
q

��

�

�2
s

; ð2Þ

with W0 given by equation (1). Fig. 5 shows as an example the vertical

width WTot as a function of q for option (b), obtained from Gaussian

fits of the reflections from a silver behenate powder sample (Huang et

al., 1993) and from rat tail tendon collagen (Fig. 4). The one-

dimensional SAXS profiles were obtained by azimuthal averaging of

a narrow (�10�) vertical sector of the two-dimensional patterns. The

fits to the experimentally determined peak widths with equation (2)

(lines in Fig. 5) give ��/� = 0.012, in good agreement with the

nominal energy resolution of the multilayer of 1%, and W0 =

0.022 nm�1 for the collagen sample. For collagen, the width of the

reflections extrapolated to q = 0 can be taken as a good approx-

imation for the angular resolution of the instrument (Fratzl et al.,

1993). In contrast, the reflections from silver behenate are strongly
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Table 2
SAXS resolution at q � 0 for different setups. The width of the resolution function
W was approximated by a Gaussian fit of the second- or third-order collagen
reflections (see Fig. 4b) (Fratzl et al., 1993).

Option E (keV) L (mm) WH (nm�1) WV (nm�1)

(a) 9 161 – 0.061
(b) 15 253 0.063 0.061
(b) 15 817 0.065 0.022

Figure 5
Vertical SAXS resolution for option (b) at E = 15 keV and L = 817 mm with a
100 mm beam-defining pinhole (squares) and a 10 mm beam-defining pinhole
(circles) from silver behenate (black symbols) and rat tail tendon collagen (open
symbols). The lines are fits to the data with equation (2) and give ��/� = 0.012
(note that the fitted curves are all parallel for large q) and W0 = 0.022 nm�1 for the
collagen sample, and W0 ’ 0.095 nm�1 for the silver behenate sample. The inset
shows an enlargement of the rat tail tendon data with the corresponding fit.



broadened due to the very small crystallite size (Huang et al., 1993).

Using the W0 value from collagen as the width of the instrument

resolution function, the size of the crystallites is estimated to be

700 Å by applying the Scherrer approximation.

4. Conclusion

A new instrument for simultaneous SAXS/WAXS/XRF is opera-

tional at the microfocus beamline at BESSY II. The beamline

provides an energy range of 1.9–30 keV with a microbeam down to

10 mm at a flux of about 109 photons s�1 at intermediate energies. Two

microbeam options are currently available. Option (a) uses linear

Bragg–Fresnel lenses and a bimorph mirror combination, and option

(b) uses a toroidal mirror in combination with a multilayer mono-

chromator and a beam-defining pinhole. At present, option (b)

exhibits better performance in terms of flux and stability, but leads to

a q-dependent smearing due to the finite wavelength spread of the

multilayer monochromator. A SAXS resolution of up to 500 Å d-

spacing and a range of scattering vectors of almost three orders of

magnitude can be reached using a high-resolution CCD-based

detector for simultaneous SAXS/WAXS. The long-term goal is to

proceed from microbeam scanning experiments to a real imaging

technique. For a user-friendly ‘scanning SAXS/WAXS/XRF micro-

scope’ in routine operation, one of the major future tasks in this

respect is the development of sophisticated software for interactive

instrument control combined with online data analysis and online

parameter mapping.
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