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X-RAY NANO-FOCUSING FOR COHERENT IMAGING: MEET YOUR PROBE
Tim Salditt

Institut flir Réntgenphysik, Universitat Géttingen

Advanced X-ray optics and focusing opens us the potential
of hard X-rays structure analysis, which is unique in terms
of penetration, spatial resolution, contrast, and compatibil-
ity with environmental conditions was significantly. With
the advent of highly brilliant radiation, coherent X-ray fo-
cusing, and lens-less diffractive imaging, we can now
probe local structures selectively, even in hierarchical en-
vironment such as biological cells and tissues.

We illustrate central challenges and advances of hard
X-ray nano focusing for coherent imaging, and present a
compound optical system consisting of elliptical mirrors
and X-ray waveguides. The setup enables full field projec-
tion imaging at high magnification down to 20 nm resolu-
tion [1], but can also cover a three-dimensional field of
view, large enough to probe thick tissues with sensitivity to
single cells and sub-cellular structures [2]. The required in-
version of the coherent diffraction pattern can be mastered
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by different reconstruction algorithms in the optical far and
near-field.

In this talk we focus on advanced waveguide x-ray op-
tics [3] for coherent imaging, and on the characterisation
of the illumination system (probe) by different ptycho-
graphic reconstruction schemes, both in the far- and near-
field.
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X-ray waveguides enable a variety of X-ray optical func-
tions, from beam collimation to below 10 nm [1] and coher-
ence filtering [2], as required for high resolution
holographic X-ray imaging [3], to beam splitting [4] for in-
terferometry, beam tapering [5] or angular redirections [6].
While the guided X-ray beams are well controlled in the
waveguide device, the exit near-field distribution is gov-
erned by free-space propagation and diffraction broaden-
ing, and hence is always much wider than in the waveguide

itself, which limits many interesting applications in imag-
ing, diffraction or spectroscopy with nanometer sized
X-ray beams.

In this work we show that by exploiting multi-wave-
guide interference, the near-field distribution behind the
waveguide exit can be tailored for special properties, for
example in view of creating a secondary focal spot. To this
end we use an array of 7 planar waveguides, with precisely
varied guiding layer thickness variation, as fabricated by

Table 1. The designed layer thickness values of the x-ray waveguide array (WGA).

Name Mo C Mo C Mo C C Mo C Mo C Mo C Mo
Ge
rlﬁlyer/ sub 50.0 | 4.0 56.0 | 6.2 53.8 | 7.6 524 | 8.0 524 | 7.6 53.8 | 6.2 56.0 | 4.0 50.0

© Krystalograficka spole¢nost



246 XTOP 2016 - Session 11

&

Materials Structure, vol. 23, no. 3 (2016)

L=0.25mm | F: I/10=0.335, FWHM=39 nm

; §
£ 8
S
I8
£ B
: 9
: 8
B
P
e ‘ ’ Far-field
1 Lﬂ e .
By ; (', 1
™,
= - pN“I {I{\M'w
ol iy
250 ]
02 0.1 0 01 0.2

x\degree

Figure 1. Setup and numerical simulations. (a) Schematic of experimental setup. The X-ray waveguide array (WGA) is positioned in
at the focal plane of beamline optics. The incoming beam with 19.9 keV photo energy and primary intensity 10, is coupled into the
X-ray waveguide array, which tailors the near-field to the desired shape. The far-field intensity distribution is recorded at a distance of
0.97m behind the WGA exit by a one-dimensional pixel detector (Mythen, Dectris) . (b) The structure of the WGA as visualized by its
TEM cross section of WGA. The WGA shown has seven C layers (guiding layers) and eight Mo layers (cladding layers), as detailed in
Table 1. The optical layers are sandwiched by Ge wafers; (c) Using finite-difference simulations, the simulated wave propagation in
the WGA is shown (intensity values). A plane wave is coupled into the front side of WGA, with a length of 300 pm from entrance to
exit. (d) Simulations of the beam near the exit of the WGA, showing the multi-beam interference as tailored by the different phases.
The focus point (F) is located at 0.25 mm behind the exit of WGA, with a normalized intensity I/I0 = 0.335 and a width ( full width of
half maximum , FWHM) of 39 nm). (e) The simulated far field pattern.

high precision magnetron sputtering of amorphous carbon
and molybdenum. The controlled thickness variations in
the range of 0.1 nanometers resulting in a desired phase
shift of the different waveguide beams. In this way, special
effects such as a single or a double focus or tilted emission
of the beam can be achieved by multi-beam interference. In
contrast to the previously used resonant beam coupling
(RBC) for waveguides with multiple guiding layers [7], the
present design based on front coupling of a pre-focused
beam is much more versatile. Fig.1 visualizes the general
concept of the X-ray waveguide arrays (WGA) with corre-
sponding numerical simulations. The detailed layers thick-
ness values of an example WGA structure are show in Tab.
1. This structure was simulated and measured using bend-
ing magnet radiation at the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble (data not shown).

Our study which includes numerical simulations, de-
sign, fabrication, and experimental results demonstrates
that X-ray waveguide arrays can be used to tailor an X-ray
near-field distribution. In particular, multi-beam interfer-
ence with phase shifts controlled by variation of guiding
layer thickness can lead to beam intensity maximum in free
space behind the waveguide exit with a spot size (FWHM)
in the sub-50nm range. The simulated near-field is com-
pared to the reconstructed field based on the measured
far-field (in progress).
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In a current project we are aiming to study the growth of a
single semiconductor nanowire (NW) by in-situ X-ray dif-
fraction. Here we report on recent experiments performed
at beamline P09 of PETRA Il using a portable MBE cham-
ber. By time resolved reciprocal space mapping in the vi-
cinity of the symmetric GaAs (111) and asymmetric (220)
and (311) zinc-blende and (10.3) wurtzite Bragg reflec-
tions, the evolution of self-catalysed GaAs NWs on silicon
substrates has been monitored. Single NWs were studied
using pre-patterned substrates with a lateral spacing of five
microns prepared by focused ion beam hole drilling.

Two different approaches were tested to investigate
single NWs:

1) A set of Compound Refractive Lenses (CRL) with
focal length of 0.75m mounted on a hexapod was used re-
sulting in a beam size of at the centre of the growth cham-
ber. With this approach we were able to select single NWs
(see Fig. 1, 1)).

2) Another set of CRL equipped 13.5m upstream the
sample focused the beam without major divergence to a
size of. Although this setup illuminated simultaneous an
ensemble of NWs, single objects could be separated be-
cause of the rather parallel beam and the small vertical mis-
alignments of individual NWs with respect to the growth
direction (see Fig.1, 2)).

In this work we report on X-ray diffraction data taken
from single GaAs NWs using both methods. In particular,

Figure 1. Comparison of X-ray diffraction in the vicinity of the
GaAs (10.3) wurtzite reflection. Single objects are visible for
both methods 1) (microfocus) and 2) (ensemble).

we recorded reciprocal space maps at symmetric and asym-
metric Bragg peaks with settings 1) and 2) and compare the
data in terms of resolution in reciprocal space and inte-
grated intensity. In addition we compare both settings with
respect to the capability of determining phase composition
ofasingle NW [1]. Figure 1 shows separated X-ray diffrac-
tion signals in the vicinity of the (10.3) wurtzite reflection
with focused beam wusing method 1) and ensemble
measurements 2).

1. P. Schroth, M. K&hl, J.-W. Hornung, E. Dimakis, C.
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Lazarev, T. Baumbach and U. Pietsch, Physical Review
Letters, 114, (2015), 055504.
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DEFECT-ASSISTED X-RAY MICROSCOPY WITH POLYCAPILLARY OPTICS
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Polycapillary X-ray focusing devices are built from hun-
dreds of thousands of bent glass micro-capillaries that are
stacked into hexagonal arrays. Defects were identified as to
deteriorate the X-ray transmission of these devices. In this
presentation, we demonstrate that natural point defects in
the optics (missing, crushes, squeezed or larger capillaries)
directly lead to the formation of multiple X-ray images of
an object, which was positioned in the focal plane of the
optics (see Fig 1) . These multiple images can be analysed
using the so called coded aperture approach [1-3]. The re-
sulting spatial resolution is limited by the defect size and
not by the focal spot size, which has typically size of
10-100 um. In a recent proof-of-principle experiment [4]
of defect-assisted microscopy, using a commercially avail-
able optics, we obtained sub-micron resolution that has not
been achieved with focusing polycapillary optics until
now. Tailored optics with a controlled distribution of “de-
fects’” (fabricated using procedures known from photonic
crystal fibers [5]) could be used for multimodal nanoscale
X-ray imaging with laboratory setups.

polycapillary
optics

o B

object inside e
the focal spot

Figure 1. Idea of defect-assisted X-ray microscopy. Defects (missing
or broken and larger capillaries - marked with dashed circles) break
the periodicity and lead to the formation of distinct multiple x-ray im-

ages of the object.
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defect-assisted microscopy

Figure 2. Comparison of defect-assisted imaging with stan-
dard X-ray projection imaging with the focal spot acting as a
secondary source. Inset: SEM image of the object.
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SINGLE-SHOT-MULTIPROJECTION SETUP FOR ULTRAFAST AND ULTRAINTENSE
IMAGING
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M. Stampanoni™*

"Paul Scherrer Institut, Villigen, Switzerland
’MedMAX, Max IV Laboratory, Lund University, Sweden
3Experimenta Physics Institute, UZH Zurich, Zurich, Switzerland
*Institute for Biomedical Engineering, UZH/ETH Zurich, Zurich, Switzerland

The ultrashort and ultraintense pulses provided by X-ray
free electron lasers enable to overcome the resolution limi-
tations due to radiation damage for imaging biological ma-
terials [1]. Since each pulse destroys the sample, the
accessible information in standard imaging approaches is
limited to a single projection. We propose an experimental
setup for the hard X-ray regime which permits the simulta-
neous acquisition of multiple projections from the same
specimen, similar to that for soft X-rays in Ref. [2], exploit-
ing the simultaneous illumination of the sample with multi-
ple beams generated from the direct beam by a single
crystal (see Figure). This technique thus allows acquisition
of 3-D information from single-shot measurements.

(a) (b)

We provide an experimental proof-of-principle of this
concept at a synchrotron source in both coherent diffrac-
tion imaging and holographic geometries. For the former,
implementation at X-ray free-electron laser is straightfor-
ward.
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Figure 1: (a) Ewald sphere intersecting simultaneously a family of equivalent Bragg reflections, related by rotations around
a symmetry axis of the silicon crystal. (b) Family of reflections in Bragg condition for a cubic lattice. (c) Picture of the experi-
mental setup at the MS beamline of the Swiss Light Source, showing the direct beam and the eight diffracted beams on a
phosphor screen. (d) Sketch of the concept of the sample being illuminated simultaneously by the direct and diffracted

beams.
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