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We propose an extension of ptychography where the target sample is scanned separately through several
probes with distinct amplitude and phase profiles and a diffraction image is recorded for each probe and
each sample translation. The resulting probe-diverse dataset is used to iteratively retrieve high-resolu-
tion images of the sample and all probes simultaneously. The method is shown to yield significant im-
provement in the reconstructed sample image compared to the image obtained using the standard
single-probe ptychographic phase-retrieval scheme.

& 2016 Published by Elsevier B.V.
1. Introduction

Ptychography [1–3] is a recent extension of Coherent Diffractive
Imaging (CDI) that promises to deliver atom-scale imaging of ex-
tended samples without the restrictions imposed by an objective
lens. In the standard ptychographic scheme a ptychographic dif-
fraction dataset is obtained by translating the sample across a
localised, coherent probe, in steps small enough to ensure that the
illuminated sample regions are sufficiently overlapped [4]. It has
also been shown that the image can be reconstructed using data
obtained by scanning the sample longitudinally through the probe
[5,6]. Overlapping the illuminated regions of the sample provides a
high level of redundancy in the ptychographic dataset and can
significantly improve the accuracy and robustness in the sample
image retrieval compared to standard CDI, with the ability to re-
cover high-resolution, quantitative images of the probe and sam-
ple over an extended field of view. As a consequence, there has
been significant interest in using ptychography with an X-ray
probe [1,3], in conjunction with tomography in three dimensional
imaging [7,8], using an electron probe [9–11], and in other appli-
cations including optical encryption [12,13].

Although overlapping the illuminated regions of the sample
can assist in the sample image retrieval, the reconstruction algo-
rithms can stagnate due to a number of issues including deviations
from perfect spatial coherence [1], errors in the recorded ptycho-
graphic scan trajectory [14], and issues relating to sampling
[15,16]. These issues can result in image artefacts or the complete
failure in algorithm convergence. A number of algorithms have
(I. Peterson).
been suggested to address these, and other problems [14–19]. It
has also been suggested that additional diversity can be in-
troduced through adjusting the probe [5,20] can yield improved
results compared to those obtained using the standard single-
probe configuration.

In this paper we present an experimental demonstration of a
method that can use a mixed ptychographic diffraction dataset
that is obtained by scanning the sample separately through several
probes with distinct amplitude and phase profiles. The resulting
“probe-diverse” ptychographic dataset is obtained by recording a
diffraction image for each probe and each sample translation. The
dataset is used in conjunction with a modified version of the ePIE
algorithm to retrieve quantitative images of the sample and all
illuminating probes simultaneously. The algorithm is tested with
Synchrotron X-ray diffraction data, yielding a significant im-
provement in the probe and sample reconstructions compared to
those achieved with any of the standard single-probe
reconstructions.
2. Methods

The proposed probe-diverse ptychographic algorithm can use
ptychographic diffraction data generated from N distinct probes,
{ }( ) … ( )P Pr r, , N1 , incident on a target sample with sample trans-
mission function, ( )O r , where r is a co-ordinate vector in the
sample plane. The sample is scanned through each probe sepa-
rately over N scanning trajectories, { … }s s, , N1 , and a diffraction
image is recorded for each sample translation. In reference to the
standard single-probe ptychographic scheme this yields N distinct
ptychographic datasets. Here all of the ptychographic data is
combined into a single probe-diverse dataset that is used to
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reconstruct the sample and all probes simultaneously.
With the sample at the jth scan position of the mth scanning

trajectory, sm j, , the exit surface wave, ψ ( )rm j, , is given by

ψ ( ) = ( − ) ( )O Pr r s r .m j m j m, ,

The far-field wavefield, Ψ ( )km j, , where k is a far-field co-ordinate
vector, is obtained via the two dimensional Fourier transform, of
the exit surface wave, i.e. Ψ ψ( ) ∝ [ ( )]k rm j m j, , . An updated estimate

of Ψ ( )km j, is obtained by enforcing consistency with the recorded
diffraction data, ( )I km j, , via the modulus constraint, defined as
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The accuracy of the current wavefield estimate can be measured
using the χ2 metric, where
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The updated wavefield, Ψ′ ( )km j, , is then propagated back to the
sample plane where the sample transmission function, ( )O r , and
the mth probe, ( )P rm , are updated according to the overlap con-
straint suggested by Maiden et al. [2]. The current estimate of the
scattered wavefield is then propagated back to the sample plane
and where the algorithm enforces consistency with the diffraction
data obtained by the subsequent probe, ( )+P rm 1 . The iterative ap-
plication of the above steps enables the recovery of the sample
image and all illuminating probes simultaneously.
3. Experiment

The algorithm was tested using X-ray data obtained at the
Advanced Photon Source (APS) beamline 34-ID-C using an ex-
perimental geometry detailed elsewhere [21]. All measurements
were conducted using a 9 keV beam λ( = )0.138 nm .

The distinct probes were obtained by adjusting the slit width of
a set of probe-defining slits positioned upstream of the sample and
approximately 48 m downstream from the undulator. The probe-
defining slits were initially set to widths of 10 mm�20 μm in the
horizontal and vertical directions respectively. The resulting probe
was focussed onto the target sample using a set of Kirkpatrick–
Baez (KB) mirrors. The horizontal and vertical focussing mirrors
were positioned 0.12 m and 0.22 m upstream of the sample stage
Fig. 1. (a) An SEM image of the star shaped aperture lithographed into a 1.5 mm tungste
seen as a series of small (∼100 nm) “spots” in the magnification in (b).
respectively, with the angle of incidence set to approximately
3 milliradians relative to the beam. The sample, shown in the SEM
image in Fig. 1, was manufactured by depositing a 1.5 mm thick
tungsten layer onto a silicon nitride support membrane. A series of
star shaped apertures were lithographed into the tungsten layer.
Errors in the manufacture resulted in small (∼100 nm) tungsten
remnants on the star spokes. These are seen as a series of “spots” in
the magnification in Fig. 1(b). At 9 keV the sample attenuated 70%
of the probe [22], with full transmission through the lithographed
regions.

The star shaped aperture was scanned through the probe using
an xyz nPoint NPXY100Z25A piezo scanning stage. The scan tra-
jectory covered a 10 mm�10 mm area, consisting of 323 scanning
points arranged on a series of concentric circles, with a 0.5 mm
radial increment between adjacent rings. This scanning pattern
has been shown to reduce scanning trajectory artefacts associated
with a raster scanning grid [23]. The diffraction dataset was re-
corded 3.2 m downstream from the test sample using a Timepix
photon-counting detector with 55 mm square pixels. 30 images
were recorded and summed for each ptychographic scan position.
The data acquisition time for each image was 0.04 s. Additional
ptychographic datasets were recorded using slit widths of
20 mm�40 mm and 40 mm�50 mm. Aside from the increase in slit
width, the remaining experimental parameters for both datasets
were those used in the 10 mm�20 mm dataset acquisition, in
particular the sample was scanned through the same trajectory for
each acquired dataset. The region of interest in all diffraction data
was set to a 256�256 array centred on the diffraction peak. The
experimental parameters resulted in a sample plane sampling
interval of 31 nm.
4. Results

The sample transmission function and probe were retrieved
using the 10 mm�20 mm dataset and the standard ePIE algorithm
with a sampling correction [16] for a total of 500 iterations. The
initial estimate for the sample transmission function was a random
binary array, with an initial probe estimate based on a knife edge
scan of the central lobe. The resulting reconstructed sample
transmission phase and amplitude are shown in Fig. 2(a) and
(b) respectively. The retrieved sample transmission phase is pre-
sented in phase-wrapped form as the rapid (and erroneous) phase
transitions introduced additional errors when using phase-un-
wrapping algorithms. The reconstructed probe amplitude is shown
n layer. Errors in the lithography resulted in tungsten remnants on the star spokes,



Fig. 2. Retrieved sample transmission phase and amplitude for the 10 mm�20 mm dataset using the standard ePIE algorithm are shown in (a) and (b) respectively. The
reconstructed probe amplitude is shown in (e) and the normalized flux density across all probe positions is shown in (f). The corresponding ePIE sample transmission
reconstructions for the 20 μm�40 mm dataset are shown in (c) and (d), and the probe and probe flux density shown in (g) and (h). Scale bars are common.
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in Fig. 2(e). The normalized net flux density of the probe, obtained
by superimposing the normalized probe amplitude at each point
in the scan trajectory, is shown in Fig. 2(f).

The sample transmission phase and amplitude both exhibit a
strongly correlated erroneous variation in the lithographed re-
gions, known to be of uniform density. An additional 500 itera-
tions yielded no qualitative improvement in the sample image and
no reduction in the χ2 metric (Eq. (2)). The reconstructions were
tested using 10 distinct random binary initial estimates of the
sample transmission function, yielding artefacts in the sample
transmission image that were inconsistent between distinctly in-
itialised reconstructions. This is an indication of a local (but not
global) minimisation of the χ2 metric for each reconstruction. The
overlap between adjacent probe positions was 68.8%.

The sample transmission function and probe were also re-
constructed using the ePIE algorithm and the 20 mm�40 mm da-
taset. The resulting (phase-wrapped) sample transmission phase
and amplitude reconstructions are provided in Fig. 2(c) and (d).
The reconstructed probe amplitude is provided in Fig. 2(g), with
the normalized probe flux density shown in Fig. 2(h). The erro-
neous sample transmission amplitude and phase variation, noted
in the 10 mm�20 mm sample transmission reconstruction, was
also present in the 20 mm�40 mm dataset reconstructions. The
reduction in reconstruction quality compared to the
10 mm�20 mm dataset reconstructions may be largely attributed
to the decrease in probe size and corresponding decrease in probe
overlap, determined to be 53.4% between adjacent probe positions.
The decrease in probe overlap resulted in a corresponding reduc-
tion in the normalized net probe flux density seen by comparing
Fig. 2(f) with (h).

The sample and both probes were then reconstructed using the
probe-diverse ePIE algorithm and a mixed ptychographic dataset
composed of diffraction data recorded at every odd scan position
in the scanning trajectory for the 10 mm�20 mm and every even
scan position for the 20 mm�40 mm datasets. This resulted in a
mixed diffraction dataset of the same size as the single-probe ePIE



Fig. 3. Probe-diverse ePIE sample phase and amplitude reconstructions using a sparsely distributed dataset constructed from both the 10 mm�20 mm and 20 mm�40 mm
datasets shown in (a) and (b) respectively. A magnification of the region shown in (a) is provided in (c). The normalized net probe flux density for the sparsely distributed
mixed dataset (containing half the data from both the datasets shown in Fig. 2) is shown in (d). The reconstructed probes are shown in (e) and (f).
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reconstructions, with alternating probes for each subsequent
sample translation. The sparsely distributed two-probe dataset
resulted in a 29.8% reduction in the mean probe-overlap ratio
compared to the larger probe. This reduction can be seen by
comparing the normalized net probe flux density in Fig. 3(d) with
the flux densities in Fig. 2.

The remaining algorithm parameters were the same as those
used in the standard ePIE reconstructions. The probe-diverse
sample transmission phase and amplitude are shown in Fig. 3
(a) and (b) respectively and the simultaneously reconstructed
probe amplitudes are shown in (e) and (f). The erroneous ampli-
tude and phase variation present in the single-probe reconstruc-
tions was absent in the probe-diverse reconstructions, yielding a
significant qualitative and quantitative improvement in the probe-
diverse sample transmission image compared to the single-probe
reconstructions in Fig. 2. The probe-diverse sample transmission
function, used in conjunction with the projection approximation
[24] yielded a sample thickness measurement of 1.6 mm, in close
agreement with the manufactured specifications of 1.5 mm. It is
noted that the uncertainty introduced by the erroneous phase
variation in the standard ePIE phase reconstructions does not al-
low this measurement to be provided reliably. There is also a
significant improvement in the imaging accuracy of the tungsten
deposits, shown in the magnification in Fig. 3(c). The tungsten
deposits result from errors in the lithographing process and are
unique to each star. The distribution of the tungsten deposits, seen
in the SEM magnification in Fig. 1(b) indicates that the re-
constructed sample images are of different stars (the sample
consisted of multiple copies of the star aperture). The improve-
ments in the reconstructed sample image yielded a reduction in
the χ2 metric for all scan positions and a 20% reduction in the
mean χ2 value.

The sample image was then reconstructed using the probe-
diverse ePIE algorithm and the entire dataset from both the
10 mm�20 mm and 20 mm�40 mm datasets (i.e. 626 diffraction
images in total). There was no significant improvement in the
sample image quality or reduction in the χ2 metric compared to
the sparsely distributed data reconstructions. An additional test
with the additional data provided from the 40 mm�50 mm probe
dataset (i.e. 969 diffraction images in total) also did not yield
subsequent improvement in the reconstructed sample transmis-
sion function. It appears that, for this ptychographic dataset, the
limitations in the achievable sample image reconstruction quality,
imposed by the recorded diffraction data, uncertainty in the
sample translations [14,18], and deviations from full coherence in
the illuminating probe, did not yield further improvement in the
reconstructed sample image with additional data or probes.
5. Conclusion

The use of a two-probe ptychographic system was effective in
overcoming the stagnation encountered in the standard single
probe scheme. In particular, when using a mixed ptychographic
dataset of equal size to the standard single-probe reconstructions,
the probe-diverse method was shown to yield superior results in
the final sample image reconstruction compared to those obtained
using the standard single-probe ePIE algorithm.

Additional ptychographic data, whether from data acquired at
additional scanning trajectory points in the two-probe system, or
from additional data acquired with a third distinct probe, yielded
negligible improvement in the probe-diverse sample image
reconstructions.
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