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X-Ray Near-Field Ptychography for Optically Thick Specimens
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Inline holography, like other lensless imaging methods, circumvents limitations of x-ray optics through
an a posteriori phase-retrieval step. However, phase retrieval for optically thick, i.e., strongly absorbing and
phase shifting, specimens remains challenging. In this paper, we demonstrate that near-field ptychography
can be used to efficiently perform phase retrieval on a uranium sphere with a diameter of about 46 ym,
which acts as an optically thick sample. This particular sample was not accessible by inline holography
previously. The reconstruction is based on a statistical model and incorporates partial coherence by
decomposing the illumination into coherent modes. Furthermore, we observe that phase vortices, which can
occur as artifacts during the reconstruction, pose a greater challenge than in far-field methods. We expect
that the methods described in this paper will allow production of reliable phase maps of samples which

cannot be accessed by inline holography.
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I. INTRODUCTION

Full-field phase-contrast imaging techniques based on
X-ray propagation are now routinely used in a range of
disciplines like biomedical science [1], paleontology [2], and
materials science [3]. These techniques, which generally do
not require image-forming optics, can be complemented
with a phase-retrieval step to provide quantitative maps of
the complex-valued transmission function of a sample.
Unlike their far-field counterparts [4—6], propagation-based
imaging techniques operate in the Fresnel regime and
therefore benefit from lower requirements in detector
dynamic range and in beam coherence. Imaging optically
thick, i.e., strongly absorbing and phase shifting, objects
at high spatial resolution with inline holography remains
challenging when phase retrieval is based on a linearization
of the sample transmission function [7]. Different methods
such as the mixed approach [8] and transport of intensity
equation (TIE) [9-11] address this challenge. All of these
approaches have been designed to require the illuminating
wave front to be free of strong distortions. Slowly varying
inhomogeneities can be corrected by dividing the diffraction
patterns by a flat field, an image of the empty beam without
the sample. Nevertheless, division by a flat field does
not account for the wave nature of x rays where strong
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inhomogeneities in the illumination copropagate with the
waves diffracted by the sample, resulting in reconstruction
artifacts mainly at high resolutions [12,13].

Ptychographic phase retrieval [14—-16] solves the
aforementioned problem by simultaneously retrieving
the complex-valued illumination function, in this field
commonly called “probe,” along with the complex-valued
sample transmission function.

Recently, two approaches were reported that transferred
this concept to the regime of inline holography. Robisch
and Salditt used a ptychographic phase-retrieval scheme
on a series of diffraction patterns recorded on multiple
sample-to-detector distances [17]. The other technique,
coined “near-field ptychography,” acquires multiple dif-
fraction patterns at a single sample-to-detector distance,
but with different transverse positions of the sample relative
to a nonhomogeneous or structured illumination [18].

In this paper, we show that near-field ptychography
efficiently solves the issues associated with strongly
absorbing and phase-shifting specimens. Solving those
aforementioned issues makes the technique truly versatile
and allows us to overcome the limitations of other inline
holographic methods.

II. METHODS AND MATERIALS

A. Near-field ptychography
In near-field ptychography, a series of diffraction pat-

terns /;(r) is recorded while the sample z(F—r7;) is
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scanned to different relative transverse positions 7 ;=
(x;,y;) with respect to the incident illumination (7).
The intensity recorded on the detector placed at a distance z
from the sample is given by

1;(F) = Dl (PP, (1)

where
2i(F) =y (r)e(r —r;) (2)

describes the exit wave directly behind the sample and
D7) = F [Fl@eVPT] ()

is called the angular spectrum propagator, in which k is
the wave number and F denotes the two-dimensional
Fourier transform with reciprocal-space coordinate g =
(qxv CIy) [19]

Complementarity in the measured diffraction patterns
can be obtained if the incident illumination diverges from a
homogeneous wave front. Divergence from a homogeneous
wave front can be achieved, for example, by using a static
random-phase screen which introduces high-contrast struc-
tures in the illumination while minimizing absorption [18].

Furthermore, Eq. (1) can be modified to incorporate
partial coherence using the coherent-mode formulation of
Wolf [20], which decomposes the illumination function
into mutually incoherent modes. Existing phasing algo-
rithms can be modified to work in this mixed-state
formulation and to reconstruct a finite number of coherent
modes y!(7) along with the sample image [21],

1i(7) = Y _IDLARIP = YD (F)e(F = 7] (4)
1 1

B. Sample description

The sample of interest in this experiment is a uranium-
molybdenum spherical particle with a 46 ym outer diameter
glued to the top of a capillary. It is made of a U-7Mo (7 wt.%
Mo) core, produced by atomization methods, and protected
by a 1-um-thick UO, shell [22]. At 16.9 keV, this sample
absorbs in its center almost 95% of the incoming intensity and
yields a phase shift of more than 10z, thus violating
assumptions of slowly varying phase and weak absorption.
With this strong phase shift, the dense sphere acts as a
diverging lens. This particular sample could not be imaged
with other inline holography methods because it was impos-
sible to carry out a proper flat-field normalization [13,23].

This U-Mo alloy dispersed in an aluminum matrix is the
most promising high-density nuclear fuel needed to
decrease the uranium enrichment of current nuclear fuels
for research and test reactors worldwide [24]. To optimize
performance during in-reactor irradiation, the growth of an

interaction layer at the uranium-aluminum interface has to
be avoided [25]. One way to succeed consists in coating the
U-Mo particles with a protective layer made of UO,
[24,26]. The efficiency of such a coating is directly linked
to its microstructural homogeneity such as uniformity of
thickness and the absence of cracks.

C. Experimental implementation

The experiment was carried out at the standard magni-
fied holotomography setup of the nanoimaging end station
of beam line ID22 at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France [27]. Figure 1(a)
shows a sketch of the setup. The incoming radiation from
the undulator located 64 m away was focused to a virtual
source with a FWHM of about 80 nm by a pair of crossed
Kirkpatrick-Baez (KB) mirrors. The detector consists of a
lens-coupled CCD (FReLoN) with 2048 pixels, 14-bit
dynamic range, and an effective detector pixel size of
As = 0.756 pm. The sample was placed downstream of the
focal point at z; = 5.19 cm. The distance between focal
point and detector was L = 52.523 cm. Rescaling to a
parallel beam geometry [28] results in a magnification
of M=L/z; =10.12 and an effective pixel size of
Ax = As/M = 74.75 nm. The resulting effective propa-
gation distance is then z = (L — z;)/M = 4.68 cm. To add
additional structures in the illuminating wave front, a static
diffuser consisting of a piece of cardboard was placed

FIG. 1. (a) Experimental implementation, where D denotes the
diffuser, KB denotes the pair of KB mirrors, S denotes the
sample and H denotes the hologram recorded on the detector.
(b) Scanning scheme used. (c) One of the 16 holograms with the
sample visible at the top left of the image. (d) Hologram of the
empty beam. Note that the intensities measured in detector counts
are plotted on a logarithmic scale due to the high dynamic range
within the images. One detector count corresponds to approx-
imately three photons. The scale bars correspond to 15 um.
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directly upstream of the KB mirrors. The mean energy was
about 16.96 keV with a bandwidth of about 2%. For the
application of a likelihood model, which will be discussed
in the next subsection [see Eqgs. (5) and (6)], we have used
the fact that one detector count corresponds to approx-
imately f; = 3 photons.

To suppress raster-grid artifacts [29], one ptychographic
scan consisted of 16 pseudorandomly distributed points
with a maximum shift of 350 pixels. At each point, a
diffraction pattern of 20482 pixels was acquired using an
exposure time of 0.5 s. Five flat images, i.e., frames without
the sample, were recorded as well.

All diffraction patterns were corrected by subtracting the
dark current and deconvolving the detector point-spread
function measured in a previous experiment using five
iterations of the Richardson-Lucy algorithm [30,31].

D. Reconstruction of experimental data

The reconstruction is based on the model for the
diffracted intensity described in Eq. (4). The ptychographic
reconstruction algorithms search for the desired quantities =
and y!(7), which solve the system of equations defined by
Eq. (4). In this work, two different algorithms were used.

The difference-map algorithm interprets Eqs. (2) and (4)
as two constraint sets. The two constraint sets naturally
define two projection operators and the solution, which is
the intersection of both sets, is found by a scheme of
alternating projections onto these sets. More details can be
found elsewhere [18,32]. The additionally recorded flat
images were used to further suppress raster-grid artifacts
and to support the reconstruction of the illumination
function [29].

The maximum-likelihood algorithm assumes that the
measured intensity in each pixel of the diffraction pattern is
the result of a Gaussian random process with a standard

deviation of
c;(r) = \/ f1I;(7), (5)

where f;1;(r) is the number of photons in the detector pixel
at position 7. The reconstruction problem can then be
described by finding the w' and 7 which maximize the
probability for the measured data /;(7) by minimizing the
following negative log-likelihood function:

L) = Y —

Uj(7)2

— Fil ()] + V()P (6)

DAL

The last term in Eq. (6) is a regularization term with an
amplitude @ which imposes a penalty on strong fluctuations
within the sample. The search is carried out by a nonlinear

conjugate gradient implementation as described in detail
in Ref. [33].

The reconstruction was carried out in three steps with the
difference-map algorithm and the maximum-likelihood
algorithm:

In the first step, 1000 iterations of the difference-map
algorithm using only a single mode for the illumination
function were used. To avoid numerical instabilities at places
of strong absorption during the reconstruction, the absolute
value of the sample transmission function was forced to
remain within the interval [0.1,1.2]. This clipping constraint
is a common strategy in iterative phase retrieval (e.g., in
Ref. [34]). With the chosen boundaries, it is a rather weak
constraint and should in practice not restrict the applicability
of the method provided sufficient transmitted intensity in the
diffraction data. Moreover, this clipping constraint was not
used in the final maximum likelihood refinement.

In the second step, two additional modes [see Eq. (4)]
were added to the illumination function to account for
partial coherence as well as the remaining inconsistencies
in the measured data. These additional modes were
initialized as random arrays and 300 iterations of the
difference-map algorithm were performed.

The third and final step consisted of 300 iterations
of the maximum-likelihood algorithm. This refinement
step was found to reduce artifacts and noise in the final
reconstruction.

III. RESULTS AND DISCUSSION

The result of the procedure described above is shown in
Fig. 2. The main mode of the reconstructed illumination
corresponds well to a former experiment with the same
diffuser and similar experimental conditions, where a well-
known test object was used [18]. Because the numerical
propagation of the wave fields is based on discrete Fourier
transforms, artifacts are produced along the boundaries of
the field of view. Due to the near-field geometry, unlike
when using a far-field geometry, the illumination is allowed
to extend the field of view of the reconstruction since
diffraction acts locally on the length scale of a Fresnel zone
V/Az = 1.85 um, which corresponds to approximately 25
pixels [35]. Boundary effects due to an extended illumi-
nation function will occur on the same length scale.
Moreover, the reconstruction of the illumination is only
well constrained where the sample is. The two additional
modes in the illumination function took up about 5% of the
power each (after orthogonalization). Besides being a
model for partial coherence, these modes can account
for the point-spread function and nonuniform response
of the detector. More generally speaking, the additional
modes add additional degrees of freedom to the
reconstruction. In this way, they pick up not only illumi-
nation characteristics but general inconsistencies [36,37]
between the measured data and the rigid model [Eq. (1)]
assumed for reconstruction. Hence, an exact physical
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FIG. 2. Ptychographic reconstruction results. (a) Phase part of the reconstructed transmission function. (b) Same as (a) after
unwrapping. (c¢) Amplitude of the reconstructed transmission function. (d) Line profile through (b) as indicated by the dashed line.
(e) Representation of the main mode of the complex-valued illumination function, where the phase and amplitude are mapped
respectively to hue and intensity. The scale bars correspond to 25 pm.

interpretation of each single mode is not always possible
and depends on the source of signal degradation.

The phase image of the sample [Fig. 2(a)] shows that the
uranium sphere and the surrounding glue both exhibit a
strong phase shift. The measured phase shift in the center of
the sphere after subtracting the glue background can be
estimated to be 33.6 rad, which is in good agreement with
the expected value based on data obtained from Ref. [38].
The phase error of the surrounding air is estimated from the
standard deviation to 0.012 rad. The outer UO, shell cannot
be distinguished from the U-7Mo core, which can be
attributed to the small thickness and the fact that contrast
is washed out in two dimensions due to the line-integral
effect. The amplitude image [Fig. 2(c)] shows that the
sphere attenuates the amplitude of the incident wave down
to 15%. We also notice that it contains ringing artifacts
which appear on the interfaces between glue, air, and
sphere and are clearly visible as a halo around the sphere.

The experiment described so far was repeated for
different viewing angles of the sample, which rotated
around the vertical axis. The sample transmission function
obtained after the first step in the ptychographic
reconstruction often required the removal of phase vortices
before the last two steps could be executed. While phase
vortices [28] in the illumination may very well occur, such
singularities are highly unlikely in an object transmission
function. Figure 3 shows two different types of vortices that
could be observed: in Fig. 3(a) a pair of vortices with
opposite helicity is shown. Figure 3(b) shows a single
vortex. The vortices are located close to the center of the
sphere and have a nearly vanishing amplitude in their core
(much lower than the surrounding pixels; not depicted in

the figure). The occurrence of phase vortices during the
reconstruction process is not unusual [39], but most of the
vortices merge with or annihilate other vortices while
building up the phase. However, unlike in far-field meth-
ods, in the near-field case, the vortices only result in local
inconsistencies with the measured data, therefore strongly
reducing the algorithm’s efficacy at removing them. While
it is possible that a pair of vortices as in Fig. 3(a) annihilates
spontaneously after a sufficient number of iterations, single
vortices as in Fig. 3(b) are global dislocations which are
effectively pinned within the low-transmission area close to
the center of the sphere. These vortices cannot heal on their
own because the iterative algorithms do not provide a
sufficient driving force to drag them towards the edge of
the image, where they could annihilate. Fortunately, the
occurrence of these vortices, the position of their core

FIG. 3. Vortices can occur as artifacts in the reconstruction.
(a) Phase image of a pair of phase vortices with opposite
helicities. (b) A single vortex trapped close to the center of
the sphere (reconstruction from a data set taken after the sample
had been rotated). The scale bars correspond to 20 ym.
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(x4, ¥,), and their helicity m can be easily determined upon
visual inspection after step one of the reconstruction
procedure. Eventually, they can be removed through
multiplication with a vortex of opposite helicity,

o(F) = exp {—im arctan (x - x)] : (7)

Y=Yy

This operation produces a local error around the core,
which is corrected by carrying out 100 additional differ-
ence-map iterations before proceeding with step two in the
reconstruction procedure.

IV. SUMMARY AND CONCLUSIONS

This paper demonstrates the potential of near-field
ptychography as a versatile methodology to obtain quanti-
tative images even of strongly absorbing and phase-shifting
objects. As with far-field ptychography, it was found that
using a mixed-state approach improved noticeably the
quality of the reconstruction. The local nature of Fresnel
diffraction patterns makes more likely the occurrence of
pinned phase vortices, which can however be removed
reliably.

Near-field ptychography will achieve its full potential
when combined with tomography. First tests indicate that
the number of iterations can be greatly reduced when the
output of one ptychographical reconstruction is fed as the
initial guess for the reconstruction of a projection taken at a
neighboring angle. Another important future direction is to
investigate ways to reduce artifacts in the absorption image.
An absorption image with reduced artifacts would allow us
to obtain complementary quantitative information which is
especially valuable in studies of heterogeneous specimens.
Moreover, investigations on the convergence properties for
the algorithms used in this work and for other ptycho-
graphic algorithms which could be modified for near-field
ptychography should be carried out. Furthermore, it should
be possible to detect and remove vortices automatically by
using the fact that cross-derivatives of the phase are not
equal at a singularity.
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