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Abstract. Third generation synchrotron radiation sources offer the possibility of using high demagnification ratio optics to achieve
a micro-focused X-ray beam profile of size less than one micrometre size. This is highly advantageous for a variety of experiments.
There is however also a requirement for the capability to dynamically broaden the micro-focused beam size during an experiment.
As is described in this paper, this can be achieved using a specially profiled X-ray mirrors or by using custom designed refractive
optics. These two approaches have the effect of introducing a controlled distortion onto the X-ray wavefront and when the wavefront
propagates to the focal plane, the distortion determines the intensity profile of the X-ray beam.

INTRODUCTION
X-ray optical elements are commonly used in synchrotron X-ray beamlines to provide beam sizes below one micrometre in size. Kirkpatrick-Baez mirrors and compound refractive lenses are commonly used optics for this purpose.
Sub-micrometre X-ray beam sizes are advantageous for many experiments for example giving high spatial resolution
for X-ray microprobe experiments and allowing small crystals to be measured using single crystal X-ray diffraction.
For X-ray microprobe, the ability to change the size of the focal spot would give the possibility of a variable sized
X-ray probe – the larger size being used for low spatial resolution mapping of a larger area and then smaller size
for higher spatial resolution mapping over a smaller area. For single crystal X-ray diffraction experiments, diffraction
signal is maximized if the focused X-ray beam is equal or smaller in size to the crystal size while conversely, sample
radiation damage reduced if the focused X-ray beam is equal or larger than the crystal size. Ideally therefore, the focused beam should be matched in size to the crystal under study [1, 2]. Radiation damage is of particular concern for
organic crystals studied on synchrotron macro-molecular crystallography beamlines. High throughput crystallography
experiments [3, 4] using automated sample changing and fast data acquisition to allow a large number of crystals to
be studied efficiently is common at synchrotron facilities. In addition sub micron crystals are commonly studied [5].
There is a demand therefore for a focused beam profile that can be quickly changed to match each sample. Methods
used at synchrotron beamlines for varying the focused beam size include using bimorph mirrors with a variable surface profile, using variable focal length optics to change the demagnification of a source or using a variable aperture
to change the size of a source imaged by optics onto the sample.
We have now developed optical elements which produce a controlled perturbation to the X-ray wavefront such
that when the wavefront propagates to the focal plane, broadening of the focus profile results. We have developed
two methods – firstly we have used X-ray mirrors with modified surface figure to and secondly we have used X-ray
refractors with modified thickness profiles inserted into the X-ray path which produce a position dependent change in
the X-ray path-length.
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FIGURE 1. Schematic of the at wavelength test measurements with wire scanning of the X-ray beam focused by a vertically
deflecting elliptical mirror

EXPERIMENTAL METHOD
The wavefront measurements are made using a technique in which an area detector intercepts the X-ray beam at a
position of order 1 m downstream from the focal plane of an optical element. Each pixel on the detector can be mapped
to a position on the plane, perpendicular to the optical axis, at the centre of the optical element. A wire or knife edge
orientated transversely to the focusing direction then intercepts the X-rays at the focal plane giving high sensitivity
to the angular error of the wavefront. The technique is shown schematically in Figure 1. As well as allowing the
wavefront to be constructed, the same measurement also gives the intensity profile of the X-rays in the focal plane
simply by using the integrated intensity on the detector. The measurements were made on the Diamond Test Beamline
B16 [6].
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FIGURE 2. Schematic of the multilane mirror viewed from above

VARIABLE BEAM SIZE WITH A PROFILED MIRROR
Measurements were made on a mirror that was designed to produce a variable beam size for the VMXm macromolecular crystallography beamline at Diamond Light Source [7]. This beamline is optimised for data collection from
micro- and nano-crystals of biological macromolecules with a smallest focused X-ray beam size of under 500 nm
fwhm. For larger crystal samples, it was highly advantageous to provide a variable beam size with beam size switching
of under 1 sec. The horizontal beam size could be changed by varying the horizontal aperture at a secondary source
and the vertical size was controlled by providing 7 lanes running the length of the final vertically focusing mirror each
with a modulated figure as is shown in Figure 2. The beam size changed is achieved by translating the mirror sideways
to expose a different lane to the X-ray beam.
We had previously tested a shorter prototype version of the mirror fabricated with three lanes [8] and this showed
that with an appropriate surface figure, translating between lanes allowed a different focused beam size to be selected.
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FIGURE 3. Specified surface profile for the 7 lanes of the VMXm multilane mirror to achieve beam sizes in the range up to 10µm

For the new 7 lane mirror, the effect of the figure modulation in each lane was modelled by wavefront propagation
and showed that from lane 1 to lane 7, the beam size could be varied from below 0.5µm to 10µm. The mirror surface
height profiles of each of the 7 lanes are shown in Figure 3
For testing and characterisation, the mirror was installed on the Diamond Test Beamline B16. The X-ray energy
selected for the measurements was 15 keV. The wavefront was measured using the knife-edge imaging technique and
this resulting wavefronts for each lane are shown in Figure 4. The amplitude and period of the wavefront distortion
varies with y due to the large change in mirror curvature along the mirror length.
At the same time, the X-ray intensity profile in the focal plane for mirror lane 2 to lane 7 was measured using
a knife edge scanned vertically through the focus. the results are shown in Figure 5. The results for lane 1 are not
shown because the large electron beam source size at the test beamline (∼ 45µm fwhm) means that the narrow profile
is dominated by the demagnified profile of the source. The green curve is a Gaussian function best fit to the data that
was used to calculate an estimate for the fwhm of the distribution.
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FIGURE 4. Measured wavefront modifications for the multilane mirror at 15 keV X-ray energy. The horizontal axis (y) is the
vertical position on the plane at the centre of the mirror, perpendicular to the optical axis. The vertical axis z gives the displacement
of the wavefront in the propagation direction

FIGURE 5. measured focused beam profile (red crosses) and fitted Gaussians (green lines) for lanes 2 to 6 of the multilane mirror.
Each experimental profile was renormalised to give unit area in each case
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VARIABLE BEAM SIZE WITH CUSTOM DESIGNED REFRACTORS
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FIGURE 6. Wavefront distortion (h) and refractor thickness (t) at 15 keV for a SU-8 fabricated structure for increasing focus size

Refractors inserted into the X-ray beam path also introduce distortion to the X-ray wavefront [8, 9]. We have
designed custom refractive optical elements that are positioned in the X-ray beam upstream of the final focusing
mirror to modify the wavefront. The modified wavefront then propagates across the focusing mirror and then to the
focal plane where an increase in the width of the profile of the focused beam results. The local wavefront distortion
is proportional to the X-ray energy dependent real-part decrement of the refractive index multiplied by the refractor
thickness. The refractive index decrement is of order 10−6 at X-ray energies and therefore refractors in the order of
micrometres thick are required to produce picometre scale distortion of the wavefront. Figure 6 shows the profile in
the X-ray beam direction of a planar refractive structure with depth of about 200µm made by the LIGA process. The
structure is composed of the polymer SU-8 which is resistant to radiation damage and has low X-ray absorption.

FIGURE 7. Measured and simulated focus profiles for a sequence of refractive structures at 15 keV. In each subplot, the circles
and the red line are the focus profile measured using a scanned knife edge and the blue line is the profile simulated by wave-front
propagation. The refractive structures increase progressively in thickness from the bottom to top in the left panel and then from
bottom to top in the right panel

A sequence of such structures were fabricated and the beam profiles were measured with these structures inserted
into the X-ray beam at 0.5 m upstream of a focusing mirror of focal length 0.4 m. The measured beam profiles and the
beam profile obtained by wavefront propagation simulation are shown in Figure 8. In Figure 8 is shown the measured
beam fwhm sizes vs. the simulated beam fwhm sizes for the same sequence of structures at X-ray energies of 10 keV,
15 keV and 20 keV.
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FIGURE 8. measured focus fwhm vs. calculated focus fwhm for a sequence of refractive structures at three different X-ray energies

CONCLUSIONS
Two method have been tested for optics that changes the size of a microfocused beam in less than one second. The
multi-lane mirror has been shown to work well and is now being commissioning on the VMXm macromolecular
crystallography beamline at Diamond Light Source in order to provide beam sizes at the sample from 0.5µm to 10µm
at X-ray energies from 8 keV to 24 keV.
The refractive broadening structures were tested on the Diamond Test Beamline and showed broadening of many
10s of micrometres to the focused beam profile. The X-ray transmission through the structures is close to 100%. A
significant advantage of the refractive structures is the low unit cost with a wafer potentially containing upwards of a
thousand elements. Also the fabrication turn-round time is short. The structures can be installed upstream of the final
focusing optical element where there is likely to be available space and as they are inline with the X-ray beam, they
could be easily retro fitted to an existing beamline. There is no critical adjustment required once installed. The low
cost means that a large number could be mounted in a strip so that the beam size can be changed simply by translating
the correct one into position - an operation that should be achievable in less than one second.
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