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Abstract—The grating-based phase-contrast imaging approach
is highly dependent on the quality of the used gratings. While
the fabrication of gratings for the soft X-ray range is more or
less well controllable, the fabrication for the hard X-ray range
(> 30 keV) is more challenging as the gratings must have high
aspect ratios and thus fine structures. One of the best fabrication
technologies for such gratings is LIGA (Lithography, Electroplat-
ing and Molding). However, due to such small structures and
high aspect ratio it is unavoidable that the gratings become non-
perfect and have deformations. Since the fabrication is complex,
expensive and time consuming, a simple way is needed to assess
the influence of such deformations on the signal and also a simple
way to design and test new grating layouts.

This work presents a simulation framework for X-ray phase-
contrast imaging which allows to model, simulate and assess the
quality of arbitrary grating layouts in an easier, cheaper and
faster way. Furthermore, it allows the assessment of the quality
of new grating layouts as well as of existing gratings.

I. INTRODUCTION

HASE-contrast imaging with X-rays is an approach which

is used to gain information about the real part of the
complex refractive index of a material. This work focuses on
the grating-based interferometer [1], [2] which enables the
measurement of both components of the complex refractive
index. As its name suggests, the system is based on gratings.
Thus, it is highly dependent on the quality of the used gratings.
The challenging part is the fabrication of analyzer gratings
for the hard X-ray range (> 30 keV') as they require a highly
absorbing material and high aspect ratio (> 50). Only the
LIGA fabrication approach is able to produce gratings with
such a high aspect ratio. However, difficulties in the fabrication
process cause deformations of the grating structure and thus
a deviation from the theoretically ideal grating. In order to
investigate the effects of these deformations one can produce
many different gratings which is complex, expensive and time
consuming. An easier, cheaper and faster way is to simulate
such layouts numerically.

II. GRATINGS - LIGA

LIGA stands for the German acronym for Lithographie,
Galvanoformung and Abformung (Lithography, Electroplating
and Molding) [3]. It is one of the best fabrication technologies
to fabricate gratings with the required aspect ratio for hard
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Fig. 1. Cutouts of some optical light microscope images of gratings with a)
no deformations; b) wavy and too thin bars; c) too thick bars
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Fig. 2. Basic setup of a grating-based interferometer with the simulated
intensity distribution between phase grating and analyzer grating.

X-ray grating-based phase-contrast imaging. Fig. 1a shows a
cutout of an analyzer grating designed and fabricated at the
Institute for Microstructure Technology, Karlsruhe Institute of
Technology (KIT) [3]. The bright parts correspond to the low
absorbing material (SU-8) and darker ones to high absorbing
material (Au). The gaps between the gold bars stabilize the
structure otherwise the walls would collapse. On the other
hand fig. 1b and 1c represent analyzer gratings with deformed
bars where some of them are too thick, too thin or wavy. Such
deformations change the local periodicity and duty cycle of the
gratings, hence, have an affect on the interferometry.

III. SIMULATION

A basic setup of a grating-based phase-contrast imaging
system is shown in fig. 2. Generally three computation steps
have to be performed. Firstly, transmission of the X-ray
wave through the phase grating G1. Secondly, computation
of the interference pattern downstream towards the analyzer
grating G2 and finally transmission through G2. Since only the
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Fig. 3. Used phase and analyzer grating layouts to assess the influences.
Gratings a) to d) are geometrically ideal phantom gratings whereas b) to d)
contain an equal number of stabilization gaps; b) randomly distributed gap
positions; c¢) gaps aligned in rows; d) gaps in even columns are shifted by
half of the bar length. The last grating layout e) is a binarized image of an
existing analyzer grating acquired with an optical light microscope.

influence of the gratings is of interest the case with an object
in path of the X-ray beams will not be considered, hence,
the simulated plane or spherical wave starts right before G1.
The first and third step is a transmission of the wave through
the gratings. This is done by thin-sample approximation [5]
of the gratings. The information about the grating structure
can be gained e. g. from optical light microscope images.
A much better source of information is a radiogram of the
gratings which additionally contains information about local
material heights. The second step — free space propagation
from G1 to an arbitrary location e. g. grating G2 — is described
by the solution of the Helmholtz equation in free space.
The computation of the interference pattern downstream to
a certain distance d is given by a convolution of the wave
function & with the Fresnel-Propagator Py [5], [6]:

(I))\(I,y7Z:d):q))\(l’7y7Z:0)*P)\(I7y,d) (1)
ik

ik (2?2 2
Py(z,y,d) = omd -exp(ikd) - exp {%
where k denotes the wavenumber and A the wavelength.
The finite focal spot size can be taken into account by
a convolution of the interference pattern with the intensity
distribution of the focal spot of the X-ray tube.
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IV. RESULTS

Following assumptions were made:
« General setup

— GI1-G2 distance 0.09 m (first Talbot distance)

— 80KV tungsten spectrum, 1mm Al and 1mm Si
filtering
plane wave
ideal detector

« Phase grating G1

Gl
G2 |

0.37 0.33 0.10
W 0.37 0.33 0.10
W 0.37 0.33 0.10
W 0.26 0.23 0.10
| |

TABLE I

RESULTING VISIBILITIES COMPUTED AND SIMULATED BY THE PRESENTED
FRAMEWORK FOR DIFFERENT COMBINATIONS OF GRATING LAYOUTS.

material: Ni
periodicity: 4.8 um
duty cycle: 0.5

height: 14.1 uym
design energy: 40 keV

e Analyzer grating G2

low absorbing material: SU-8
high absorbing material: Au
periodicity: 2.4 ym

duty cycle: 0.5

— height: 120 pm

Fig. 3 displays some cutouts of the grating layouts used
for the phase and the analyzer grating in these simulations.
In case of a phase grating the bright areas correspond to the
material Ni and dark areas to air. Used as analyzer grating
layout the bright areas correspond to gold (Au) and dark areas
to SU-8. Fig. 3a illustrates a geometrically ideal phantom
grating with continuous bars. Gratings fig. 3b to fig. 3d are
also geometrically ideal gratings but with stabilization gaps
between the bars. Each bar has a length of 30 ym and each
gap a length of 3 um. The difference between these layouts
is the distribution of the gaps. In fig. 3b the gap positions
are randomly distributed, in fig. 3c aligned in rows and in
fig. 3d each even numbered column is shifted by half of the
bar length. Last grating layout fig. 3e is a binarized image of an
existing analyzer grating taken by an optical light microscope.
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Fig. 4. Visibility plot with respect to the normalized projected focal spot

size where the focal spot size is projected onto the analyzer grating plane
and normalized by the G2 periodicity. The solid line denotes the grating
combination where both gratings are geometrically ideal (Table I first row
and first column). The dashed line corresponds to the combination where the
phase grating layout is geometrically ideal with stabilization gaps and the
analyzer grating real (Table I last row and second column). The + represents
a measurement with comparable gratings.

The objective function is the visibility

Imaa: - Imzn
v = Jmer = tmin 3
Imaw + Imzn ( )

where I,,,; and I,,;, denote the maximum and minimum
intensity value of an intensity oscillation during the phase-
stepping [7] observed by a detector pixel. The visibility
expresses the contrast of the intensity modulation. The mo-
tivation for the visibility is the relation to the error of the
reconstructed differential phase where the error is proportional
to the reciprocal of the visibility. Therefore, a maximization
of the visibility leads to a smaller reconstruction error.

Table I summarizes the results of the simulations. It displays
different grating layout combinations. The columns correspond
to the used phase grating G1 and the rows to analyzer grating
G2 layouts. Additionally, simulations with phase grating using
a deformed real analyzer grating layout were performed. A real
phase grating layout is comparable to the layout in fig. 3b.

In an ideal case, where both gratings are geometrically
ideal, the visibility corresponds to 0.43. This deviation from
an ideal visibility of 1.00 is mainly caused by gold absorption
and blurring of the fringes due to the polychromaticity of the
spectrum. Using an ideal phase but a real analyzer grating the
visibility drops by 40 % to 0.26. Adding stabilization gaps in
the phase grating layout the visibility drops by further 10 %
to 0.23. Table I rows 2 — 4 show also that the position of the
gaps do not have any influence to the visibility as long as the
area covered by the gaps does not change. The last column
emphasizes the required quality regarding the phase grating
layout. Using a deformed layout the visibility drops by about
70 %.

Fig. 4 displays a plot of visibilities with respect to the
normalized projected focal spot size (0*) where the focal
spot size is projected onto the analyzer grating plane and
normalized by the G2 periodicity. The solid line represents
the visibilities of the grating combination of Table I first row
and first column. The dashed line corresponds to the visibilities
of Table I last row and second column. Both lines show the
loss of visibility while increasing o*. Measured visibility with
comparable gratings and ¢* = 0.2 equals to 0.08 and the
simulated to 0.11.

V. CONCLUSION

This work shows the advantages of the presented simulation
framework. It enables the investigation of the influence of
the grating layout onto the signal. Furthermore, the results
of the simulations emphasize the required quality of the phase
grating which has to be as geometrically ideal as possible due
to a higher sensitivity. Further, they show that the visibility
is independent of the gap positions. All in all, this simulation
framework makes the assessment of gratings with respect to
their layout easier, faster and cheaper.
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