
Contents lists available at ScienceDirect

Optics Communications

journal homepage: www.elsevier.com/locate/optcom

Low energy X-ray grating interferometry at the Brazilian Synchrotron

F.J. Kocha, F.P. O’Dowdb, M.B. Cardosob, R.R. Da Silvac, M. Cavicchiolic, S.J.L. Ribeiroc,
T.J. Schrötera, A. Faisala, P. Meyera, D. Kunkaa, J. Mohra,⁎

a Institute of Microstructure Technology, Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
b Brazilian Synchrotron Light Laboratory, 13083-970 Campinas, Brazil
c Institute of Chemistry – São Paulo State University – UNESP, CP 355, Araraquara, SP 14801-970, Brazil

A R T I C L E I N F O

Keywords:
X-ray
Optics
Grating interferometry
Nanocrystals

A B S T R A C T

Grating based X-ray differential phase contrast imaging has found a large variety of applications in the last
decade. Different types of samples call for different imaging energies, and efforts have been made to establish
the technique all over the spectrum used for conventional X-ray imaging. Here we present a two-grating
interferometer working at 8.3 keV, implemented at the bending magnet source of the IMX beamline of the
Brazilian Synchrotron Light Laboratory. The low design energy is made possible by gratings fabricated on
polymer substrates, and makes the interferometer mainly suited to the investigation of light and thin samples.
We investigate polymer microspheres filled with Fe2O3 nanoparticles, and find that these particles give rise to a
significant visibility reduction due to small angle scattering.

1. Introduction

X-ray differential phase contrast imaging based on the Talbot effect
(X-ray Talbot Interferometry – XTI) is a widely used technique both at
synchrotron and laboratory X-ray sources [1,2]. Along with the
conventional transmission image of a sample, it provides both a
differential phase contrast and a dark field image of the sample. The
technique is of particular interest for the investigation of light
materials, as for low Z elements, the real part δ of the refractive index
n=1–δ+iβ, can be three orders of magnitude greater than the imagin-
ary part β [3]. Applications range from detecting diseases in different
body parts such as the lung or breast [4,5] to food screening and
materials analysis such as tracking water transport in cement [6,7]. The
type of sample under investigation determines the optimal photon
energy for imaging. Grating interferometry has been shown to work at
photon energies as high as 180 keV (monochromatic beam) [8] and as
low as 8 keV (Copper K-α line) [9]. In general, i.e. neglecting absorp-
tion edges, both δ and β are higher for lower photon energies, yielding a
larger contrast. However, the figure of merit is the signal to noise ratio
(SNR) [10,11]. Determining the energy with the highest SNR in
multimodal imaging is not trivial, as the individual modalities exhibit
different optima. For the case of XTI, the noise σ is dominated by the
photon count on the detector N and thus exponentially increases with
sample thickness z, σ N N kβz∝1/ =1/ exp (−2 )2

0 [12]. Here, N0 denotes
the number of photons incident on the sample and k is the wavenum-

ber. A good proxy of the phase contrast signal is the phase shift ΔΦ=kδz
introduced by a sample, which is linearly dependent on its thickness z.
The SNR for the phase image is thus proportional to
SNR kδz kβz∝ ∙ exp (− ), and depends strongly on sample material and
thickness. As an example, the maximum of the function for a 200 µm
silica sample (e.g. a microsphere as used in many applications) is at
10.6 keV, while a polyethylene terephthalate (PET) sample of the same
thickness has its maximum at 5.3 keV. With increasing thickness, the
maxima are shifted to higher energy. These calculations, based on data
from [13], show that the ideal photon energy for some relevant samples
lies below 15 keV. In the dark field modality, the choice of energy has
another implication: it determines, together with the geometrical
dimensions of the setup, the autocorrelation length that is probed
within the sample, and thus the microstructural sizes to which the dark
field signal is most sensitive [14].

Unfortunately, the current technology for grating fabrication poses
limits for grating interferometry at low ( < 15 keV) design energy. At
8 keV, the lowest photon energy reported in grating based interfero-
metry so far [9], a gold thickness of 6.5 µm is sufficient to achieve more
than 90% absorption; the aspect ratio is moderate, enabling the use of
standard photolithography techniques like direct laser writing for
larger grating periods like the one of 8 µm reported by Shimura et al.
[9]. However, two factors favor the use of smaller periods: First the
transversal coherence length ξ has to be larger than the period p1 of the
phase grating, so a smaller period allows for the use of a larger source.
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Second, the sensitivity of a grating based phase contrast setup,
expressed by the smallest detectable refraction angle αmin, directly
depends on the period of the self-image in the detector plane p2 [15]:

α
p
πd V N

=
2

2 ,min
2

where d is the distance between phase and analyzer grating, V is the
visibility of the self-image and N is the number of photons detected in a
frame. Hence the sensitivity can be increased by choosing a smaller
grating period, which ultimately leads to the necessity of high aspect
ratio fabrication techniques such as Silicon etching [16] or X-ray
lithography [17] also for low energies.

Another characteristic of the gratings becomes important at low
energies, namely the transmission of the grating substrates. The
commonly used substrate material for high aspect ratio structures,
silicon, should only have a thickness of about 8 µm to ensure a
transmission of 90% at 8 keV. As these thicknesses are impractical,
one has to shift to alternative substrates made of lighter materials. This
is possible in grating fabrication with X-ray lithography, which has
been shown to work with graphite or Polyimide (PI) substrates [18]. In
this paper, we present the implementation of a two-grating inter-
ferometer with 2.4 µm period gratings on PI substrates, operating at
8.3 keV at the beamline IMX of the Brazilian Synchrotron Light
Laboratory. We show imaging results from a set of polymer micro-
spheres filled with Fe nanoparticles, which give rise to a dark field
signal.

2. Experimental setup

A multilayer monochromator was used to select a photon energy of
8.3 keV from the bending magnet source at the IMX beamline. The
source size is approximately 391 µm×97 µm (horizontal×vertical), and
the phase grating was placed 17 m downstream of the source. The
grating lines were oriented horizontally to make use of the smaller
vertical source size and enable the use of a two-grating interferometer.
The phase grating G1 had a period of 2.4 µm, with π/2 phase shifting
lines that were made from SU-8 with a thickness of 10 µm to ensure
high transmission. It was fabricated on a 1 mm thick DuPont Vespel™
substrate using a freeze drying process which enabled the fabrication of
a line grating without supporting structures [18,19]. The absorption
grating G2 had the same period, with absorbing lines of ca. 30 µm Au,
which leads to an absorption of over 99% of photons. This compara-
tively large thickness was chosen to make the grating suitable also for
higher energies accessible at the IMX beamline. The substrate used was
a PI foil with a thickness of 125 µm. Together, the substrates lead to a
transmission of 43% at 8.3 keV, which could be improved to 83% by
only using PI foils as substrates. Both the PI plate and foil are very
stable and do not require special attention during handling, like thin

membranes do. The inter-grating distance was set to 97 mm, corre-
sponding to the 5th fractional Talbot distance; the sample was placed
135 mm upstream of G1. Detection was done using a pco.2000 camera
mounted behind a microscope objective and scintillator, yielding an
effective pixel size of 1.64 µm and a field of view of 3.4×3.4 mm2.
Assuming the same visibility and number of photons, this setup allows
for an increase in sensitivity of a factor of 2.4 compared to the setup
presented by Shimura et al. (distance G1-G2 of 135 mm, absorption
grating period 8 µm [9]), while requiring less spatial coherence.

The phase grating was stepped over one period in eight steps, and
the resulting phase stepping curve was analyzed using a discrete
Fourier transform [20]. From the transformed stepping curve, we
extract the zeroth term A0 and the first term A1 exp (iφ). The visibility
V is then calculated as V A A= 2 /1 0. Using an exposure time of 30 s per
step, the mean visibility over the whole field of view was 40%, mostly
limited by setup instability and grating imperfections. The compara-
tively long exposure time is explained by the small flux after the
monochromator at this energy. The sensitivity as determined from the
standard deviation of the differential phase signal in a region of interest
without sample was approximately 165 nrad. For applications that
require higher sensitivity, this could be increased by choosing a larger
inter-grating distance, although it is ultimately limited by the spatial
coherence of the beam.

3. Results and discussion

Due to the low photon energy, the interferometer is mainly suited to
the investigation of light and thin samples. We employed it to the study
of magnetic beads, more precisely cellulose microspheres with em-
bedded γ-Fe2O3-nanoparticles. The spheres themselves were sus-
pended in ethyl alcohol in a capillary. The individual nanoparticles
were coated with an oleate layer and had an average core size of 11 nm,
determined by transmission electron microscopy and X-ray diffraction
data, and were thus much smaller than the systems spatial resolution.
The concentration of the nanoparticles within the cellulose micro-
spheres was 5 wt%. For details about the preparation and character-
ization of the samples, please refer to the Supplemental material. Fig. 1
shows the three images obtained from the X-ray interferometer. The
spheroid shape is visible in all three modalities, and the edges of the
capillary show strong propagation based edge enhancement in the
transmission image. It is also striking that the inner wall of the
capillary is only visible in the transmission image. This is due to the
one-dimensional grating setup, which is only sensitive to scattering and
phase gradients in the direction perpendicular to the grating lines. The
inner walls are nearly vertical, which means they give rise to both
scattering and phase shift in the horizontal direction. The outer walls
are slightly more inclined and, more importantly, present a much
larger jump in refractive index (polymer-air interface instead of

Fig. 1. Transmission, differential phase and dark field image of the polymer microspheres.
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polymer-ethanol), they can thus be seen faintly in both the differential
phase and the dark field. The capillary itself appears slightly darker
than the background in the differential phase, which is due do its
conical shape, which introduces a wedge-like phase shift.

The inside of the microspheres shows a rather strong dark field
signal, i.e. a reduction in visibility. Due to their spherical shape, they
introduce a non-negligible lens term to the wavefront phase, which is
known to produce a dark field signal [21]. However, the dark field
signal introduced by this effect should be constant over the whole
region inside the sphere, which is not the case here. The magnitude of
the dark field and transmission signal inside the lowest microsphere in
the field of view is plotted in Fig. 2. The dark field signal inside the
sphere shows a similar behavior as the transmission signal, indicating
that it is indeed the material inside the sphere that produces the
scattering, and the signal is not an artefact. The cause is instead most
likely the Fe nanoparticles inside the spheres, which scatter the
incoming X-rays. Fe incorporated in the polymer would be expected
to contribute mainly to absorption, while the nanostructured particles
produce both absorption and scattering.

4. Conclusion

A two grating interferometer at the IMX beamline of the Brazilian
Synchrotron Light Laboratory, operating at a monochromatic energy of
8.3 keV was established and tested. Grating interferometry at such low
imaging energies is feasible with reasonable exposure times only when
using gratings on low absorbing substrates, which can be produced by
X-ray lithography with small grating periods. We were able to achieve a
visibility of 40%, and used the interferometer to image polymer
microspheres filled with γ-Fe2O3 nanoparticles, which produced a
strong scattering signal and could therefore be detected as a loss in
the visibility. The low imaging energy is especially interesting for light
samples, such as polymers or biological specimen, which show poor
contrast at higher energies. In future experiments, the transmission
could be further improved by only using PI foils as substrates.

For further information about the magnetic bead samples, i.e. their
preparation and characterization, please refer to the information given
in the Supplemental material.
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