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ABSTRACT

Ptychography is a scanning coherent diffraction imaging technique that provides high-resolution imaging and complete spatial information
of the complex probe and object transmission function. The wavefront error caused by aberrated optics has previously been recovered using
ptychography when a highly coherent source is used, but has not been demonstrated with partial coherence due to the multi-modal probe
required. Here, we demonstrate that partial coherence can be accounted for in ptychographic reconstructions using the multi-modal
approach and assuming that decoherence arises from either the probe or the object. This equivalence recovers coherent (or single state)
reconstructions of both the probe and the object even in the presence of partial coherence. We demonstrate this experimentally by using
hard x-ray ptychography with a partially coherent source to image a Siemens star test object and to also recover the wavefront error from an
aberrated beryllium compound refractive lens. The source properties and resolving capabilities are analyzed, and the wavefront error results
are compared with another at-wavelength metrology technique. Our work demonstrates the capability of ptychography to provide high-
resolution imaging and optics characterization even in the presence of partial coherence.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0041341

Advancements in low emittance synchrotron sources and x-ray
free electron lasers (XFELs) have led to the development of a range of
coherent diffraction imaging (CDI) techniques capable of providing
resolutions beyond that of the diffraction limit of traditional optics.1

Ptychography is one such technique that is able to recover the complex
illumination and transmission functions of extended objects by solving
the phase problem using diffraction patterns at different overlapping
positions.2,3 It has been employed extensively with visible light, x-rays,
and electrons for various microscopic4–6 and tomographic7–9 studies,
primarily due to its unmatched resolving capabilities and high chemi-
cal sensitivity. Its ability to accurately recover the illuminating probe
has led to its development as an at-wavelength metrology technique,10

and the recovered electric field of the probe can be propagated to any
plane along the optical axis to measure the focal size and object offset
position,11 optimally align optical elements,12 and characterize wave-
front errors introduced by optical aberrations.13

As a wavefront characterization technique, ptychography has
been demonstrated with highly transverse-coherent, insertion device
beamlines at multiple synchrotron14,15 and XFEL16,17 facilities. The
small source size and high photon flux mean that the beam can easily
be made coherent by filtering without detriment to the overall flux.
Inclusion of partial transverse coherence in phase retrieval algorithms
initially used Gaussian distributions to model synchrotron sources and
required a priori knowledge of the source spatial distribution.18 The
most recent and successful algorithmic improvements incorporate a
multi-modal approach, which instead decomposes the object and
probe functions as a sum of mutually incoherent modes.19 Multi-
modal ptychography had been previously demonstrated to character-
ize a range of x-ray focusing optics including Kirkpatrick–Baez mir-
ror,20 multi-layer Laue lens,21 and Fresnel zone plate.11 In these
studies, the optics focal size and position were characterized using the
reconstructed multi-modal probe intensity; however, detailed analysis
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of the wavefront error introduced by optical aberrations requires a sin-
gle coherent probe mode.13

The motivation for this study came from the demonstration of
multi-modal probe correcting decoherence effects arising from the
object;22,23 in this Letter, we propose that the converse is also true, i.e.,
that decoherence effects from the probe can be accounted for by consid-
ering a multi-modal object. The ptychography experiment was per-
formed on a bending magnet beamline that featured a large source and
low transverse coherence, and a beryllium compound refractive lens
(CRL) was used to produce a focused probe on a Siemens star test object.
Two multi-modal reconstruction19 approaches were used in which the
object and the probe were each considered the source of decoherence.
This produced a coherent probe (and a multi-modal object) and a coher-
ent object (and a multi-modal probe). The coherent probe was then back
propagated to the Beryllium CRL exit plane, where the wavefront error
was computed and compared with previously known data.24 Finally, we
quantify the obtained object resolution using Fourier ring correlation
and briefly comment on the coherence properties of the source.

With far-field ptychography, an object OðrÞ is illuminated with a
probe PðrÞ and scanned transversely in order to produce a set of dif-
fraction patterns IjðrÞ at each position rj. If the object is sufficiently
thin, propagation effects within the object can be ignored and the exit
wave wjðqÞ is simply given as the product of the probe and object
functions. From the Fraunhofer approximation, the far-field intensity
patterns are proportional to the modulus squared Fourier transform of
the exit wave and given by

Ij qð Þ ¼ jF wj rð Þ
� �j2 ¼ jF P rð ÞO r þ rjð Þ

� �
j2; (1)

where r is the two-dimensional real space position coordinate, OðrÞ is
the complex object function, PðrÞ is the complex illumination func-
tion, and F denotes the Fourier transform with the corresponding
reciprocal space coordinate q. The aim of the phase retrieval algorithm
is to find values for PðrÞ and OðrÞ, which agree with the experimen-
tally measured intensities IjðqÞ. A popular class of methods are itera-
tive phase retrieval algorithms,2,3 which replace the exit wave modulus
at each position with the corresponding inverse Fourier transform of
the measured diffraction pattern, but allow the phase to vary.
Depending on the algorithm used, the probe and object functions are
then updated by dividing out a weighted average object and probe
function from the updated exit wave, respectively.

Generally, the experimentally measured diffraction patterns are
subject to degradation due to decoherence effects arising from partial
transverse11 and longitudinal25 coherence, sample dynamics,23 and
detector point spread.19 While each effect may be the cause of an indi-
vidual complex interaction, they all share the same commonality of
reducing the so-called fringe or speckle visibility in the diffracted
intensities19 and can cause the phase retrieval algorithm to fail. Partial
transverse coherence has previously been accommodated22,23 by con-
sidering the propagation of the mutual optical intensity of the probe
and the density function of the object as a sum of mutually incoherent,
orthogonal modes. This reduces the minimization problem of Eq. (1)
and only requires the incoherent sum of modal contributions to match
the measured diffraction patterns, such that

Ij qð Þ ¼
XN
n¼1

XM
m¼1

gnlmjF Pn rð ÞOm r þ rjð Þ
� �

j2; (2)

where PnðrÞ and OmðrÞ are the modal probe and object functions and
gn and ln are the corresponding modal weights. The symmetry
between the probe and object functions of Eq. (2) demonstrates that
partial coherence effects can be accounted for by either function. This
has previously been demonstrated for continuous “fly” scanning pty-
chography22 and a vibrating sample,23 where in both cases, the pri-
mary element of interest was the retrieved object function, rather than
the probe function as we wish to consider.

Experiments were performed on the B16 Test beamline at the
Diamond Light Source, a bending dipole magnet beamline that provided
an unfocused, monochromatic beam.26 In order to maximize the available
flux, at no point were slits used to filter the transverse coherence, this pro-
vided an approximate flux of 1� 108 photons/s at the object position. A
double-crystal Si(111) monochromator with a bandpass of DE=E
� 10�4 was used to select an x-ray energy of 12keV andmaximize longi-
tudinal coherence. The beam was focused using a Beryllium CRL with a
geometric aperture of 1mm and 98 individual lenses each with a radius
of curvature of 200lm, giving a focal length of 432mm and an effective
aperture of 394lm at 12keV. For the test object, a 3lm thick gold
Siemens star on a silicon nitride substrate was positioned slightly down-
stream of the focal plane on high-precision Attocube piezoelectric transla-
tional stages. The Siemens star had a diameter of 400lm and featured an
inner spoke separation of 1lm as the smallest feature size. A single-
photon counting, third-generation Merlin Medipix detector with a pixel
size of 55� 55lm2 and a pixel field of view of 512� 512 was positioned
8.4 m downstream of the object. A schematic of the ptychography experi-
mental setup on the B16 Test beamline is shown in Fig. 1.

Ptychography scans were performed by translating the object
through the beam and acquiring diffraction patterns at each position,
which were done in a spiral manner to reduce raster artifacts.3 Due to
the high level of decoherence from the source, it was thought the

FIG. 1. Schematic of the experimental setup and distances (not to scale) used for
ptychography on the B16 Test beamline at the Diamond Light Source. The x-ray
beam was generated using a bending dipole magnet source, and the energy was
selected using a Si(111) double-crystal monochromator. The beam was then
focused by a beryllium compound refractive lens, and the object scanned trans-
versely to the beam close to the focus. Diffraction patterns were collected down-
stream using a single-photon counting detector.
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typical sampling condition27 would not be valid, and thus, steps were
taken to maximize the sampling. As has been shown previously,28

denser sampling in the real space can compensate for sparse sampling
in reciprocal space and vice versa, and we, therefore, positioned the
detector as far downstream of the object as possible and also scanned
with a small beam close to the focus. A scan was performed over an
area of 32� 32lm2 with a step size of 500nm and an individual expo-
sure time of 0.5 s, which generated 4099 diffraction patterns for pty-
chographic reconstruction. Initial reconstructions were processed
during the experimental session using the ptypy29 framework and the
difference map30 algorithm with a multi-modal probe. In post-
processing, it was realized that to model the probe sufficiently, many
more probe modes were required than are typically used and the ptypy
implementation was not suitable for efficient reconstruction due to the
large memory requirements.

A more suitable method was found with an implementation of
the regularized ptychographic iterative engine31 (rPIE), which involves
a sequential update of the probe and object functions by looping
through all diffraction patterns. This was extended to use multiple
modes using the same minimization procedure outlined in the supple-
mentary material of Ref. 19. A fast GPU implementation of the algo-
rithm was employed using the CuPy32 python module and an Nvidia
Tesla P100. The diffraction patterns were cropped to a region of inter-
est around the optical axis measuring 256� 256 pixels, which included
only statistically relevant counts. Dead and hot detector pixels were
also disregarded from the reconstruction by generating a detector
mask based on the integrated diffraction data stack.

Two separate reconstructions were run, one considering the probe
and the other, the object as the source of decoherence. For the first
reconstruction, a single object was used and probe modes were included
up until the relative modal power in the final mode was negligible. This
occurred at around 100 modes. In the second reconstruction, a single
probe was used and 100 object modes were included for consistency.
Both reconstructions started with a flat object function and the simulated
probe of an ideal CRL lens, and modes were then included as random
permutations of the initial probe and object functions. The rPIE
algorithm was run for 750 iterations after which both reconstructions
converged to suitable minima. From the summed intensity contributions
of the individual modes of the multi-modal probe, the full width half
maximum (FWHM) at the object was found to be around 1.65lm
(h)� 0.75lm (v), which is shown in Fig. 2(a). For the experimental
geometry outlined, an effective pixel size of 61.6nm was achieved, and
the reconstructed complex object and probe functions for the multi-
modal probe and multi-modal object configurations are shown in
Figs. 3(a) and 3(b), respectively. The dominant probe (after orthogonali-
zation) and object modes for each respective reconstruction are also
included in the supplementary material for completeness.

It was found from the relative power spectrum of the multimodal
probe11 shown in Fig. 2(b) that the normalized degree of coherence
(or percentage of transverse coherent flux) was around 2.0%. This
agrees well with the theoretically predicted value of 2.02%, calculated
using the coherence length33 and the effective aperture of the optic.
Other x-ray optics with typically smaller apertures will have a greater
value of normalized degree of coherence. The quality and reliability of
both the probe and object functions can be visually evaluated using the
reconstructed object shown in Fig. 3(a), where there is good agreement
with known feature sizes from the fabrication design and scanning

FIG. 2. (a) The normalized two-dimensional intensity of the multi-modal probe at
the object position, found by summing the intensity contributions of the individual
probe modes. (b) The power spectrum of the multi-modal probe modes after
orthogonalization and the multi-modal object modes.

FIG. 3. Ptychographic reconstructions of the (a) Siemens star test object and (b)
beryllium compound refractive lens illumination. The Siemens star test object in (a)
is reconstructed using a multi-modal probe, while the probe in (b) is reconstructed
using a multi-modal object. Both figures are complex plots, and the color wheel
given in (b) is valid for both figures; brightness and hue represent the amplitude
and phase, respectively.
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electron microscope image included in the supplementary material.
The spatial resolution of the reconstructions was sufficiently high to
visually distinguish the 1lm features separating the innermost radial
spokes. To quantify the resolution further, Fourier shell correlation14,34

was performed on two independent ptychography scans over the same
object area and reconstructed with identical parameters. After align-
ment of the two reconstructions, the correlation between them was
found to cross the 1/2-bit threshold with an estimated spatial resolu-
tion of 104nm. The plot of this is also included in the supplementary
material for completeness.

Since the ptychographic method recovers a complex wavefield
for both the coherent and multi-modal probes, we are able to use the
Fresnel–Kirchhoff diffraction formula to numerically propagate to any
position along the optical axis. In order to compare the validity of the
proposed method, we calculated the intensity of the coherent and
multi-modal probes at various positions along the optical axis, includ-
ing at the focus. This was achieved for the multi-modal probe by prop-
agating each of the probe modes individually and calculating their
contribution to the total intensity.11 This is shown in Figs. 4(a) and
4(c), which demonstrate that the multi-modal probe is equivalent to
the coherent probe convolved with a Gaussian, originating from the
source contribution. The focal position was then defined as the plane,
which maximized peak intensity and was found to be 2.3mm
upstream of the object for both coherent and multi-modal probes, as
shown for the coherent probe in Fig. 4(b). The focal size of the multi-
modal probe was found to be 1.22lm (h)� 0.62lm (v), which agrees
well with previous knife-edge measurements and the effect of the
demagnified source size on the focus. The focus profile of the coherent

probe shown in Fig. 4(a) displays the prevalence of the optical aberra-
tions more and also has a size much closer to the theoretical diffraction
limited size. Additionally, when this focus is convolved with the
Gaussian of the demagnified source contribution, it matches that of
the multi-modal probe, similar to that is shown in Fig. 2(a).

The focal size and position obtained from the intensity at and
around the focus provide only partial insight into the performance of
an optic. To completely characterize the optical aberrations causing
focal degradation, and design or introduce methods for correction,35

requires the complete complex wavefield to be considered. The wave-
front error is calculated from the path difference, which is directly
related to the phase shift over the probe and given by

DX ¼ kDu
2p

; (3)

where DX is the path difference, k is the wavelength, and Du is the phase
shift. We first back propagated the coherent probe wavefield upstream of
the object position by a distance of 432mmþ 2.3mm to the exit plane of
the Beryllium CRL array. The phase distribution was then unwrapped
using the method presented in Ref. 36, which was found to be most effec-
tive at avoiding artifacts arising due to the presence of phase residues.
From this, the phase of a perfect spherical wave13 was fitted and sub-
tracted with the Beryllium CRL design parameters according to

Du x; yð Þ ¼ �k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dz2 þ x2 þ y2

p
� Dz

� �
; (4)

where Du is the phase, k is the wavenumber, and Dz is the ideal focal
length. This was then converted to a path length (or wavefront) error

FIG. 4. Propagation of the reconstructed
(a) coherent and (c) multi-modal probes to
distances 610 mm about the focal posi-
tion. (b) Summed intensity propagation
along the optical axis of the coherent
probe in the vicinity of the focal plane. The
probes were propagated using the
Fresnel–Kirchhoff equation, in the case of
the multi-modal probe, the individual
modes were propagated, and their contri-
butions to the intensity were summed.
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to compare with the data previously measured.24 The previous mea-
surement24 used a knife-edge scanning technique working at an energy
of 15 keV, and so to compare we assumed that the wavefront error
occurs due to thickness variations in the lens array, which will change
depending on the energy. Converting the wavefront error at one
energy corresponds to a scaling factor given by the ratio of the real
refractive index decrement at the two different energies,

DX E1ð Þ ¼ Dt d E1ð Þ ¼
d E1ð Þ
d E2ð Þ

DX E2ð Þ; (5)

where DXðEÞ is the path length change, Dt is the aberration error
thickness, dðEÞ is the energy-dependent refractive index decrement for
Beryllium, and the subscripts 1 and 2 denote the measurements at
15 and 12 keV, respectively. The results of this analysis are shown in
Figs. 5(a) and 5(b) where we have also included the average radial pro-
file calculated for the knife-edge measurement. The ptychographic
profile demonstrates visually good agreement with the knife-edge
results and even recovers the same asymmetry found around the
70mm radial position. The root mean squared (RMS) wavefront
error24 was found to be 27.3 pm, which is also in good agreement with
the 24.0 pm found using the knife-edge technique. While there is a
slight difference in the RMS wavefront error and average radial profile,
we believe this is because the knife edge is a one-dimension technique
that was repeated at various polar angles and, thus, generated a fairly
coarse two-dimensional grid of points for comparison. The ptychogra-
phy measurement also demonstrates an advantage over the previous
technique with its ability to recover the wavefront error over the com-
plete aperture of the lens, whereas the knife-edge technique is sensitive
to low intensity at the edges of the aperture.

Multi-modal ptychography has been used to recover both the
coherent object (with multi-modal probe) and the coherent probe
(with multi-modal object) in the presence of decoherence arising from
a partially transverse-coherent source. From the coherent probe recov-
ered during the ptychographic reconstruction, we were able to extract
the wavefront error introduced by an aberrated Beryllium CRL and
compare this with another experimentally validated technique. The
relative power spectrum of the multi-modal probe estimates the pro-
portion of coherent flux at 2%, significantly lower than that coherent
diffraction imaging experiments typically use. Additionally, from the
coherent object, we were able to demonstrate imaging of a Siemens

star test object to spatial resolutions of 104nm, which is much smaller
than the 500nm typically offered by the beamline. The procedure for
characterizing optical aberrations presented in this Letter is expected
to valid for a wide variety of x-ray optics including refractive optics (as
demonstrated), diffractive optics such as Fresnel zone plates and mul-
tilayer Laue lenses, and reflective mirror optics. Our results demon-
strate the ability of multi-modal ptychography to reconstruct using
relatively low levels of transverse-coherence and also pave the way for
synchrotron facilities to offer high-resolution, nanoscale imaging and
optics characterization regardless of the source characteristics.

See the supplementary material for additional figures and infor-
mation recovered during the ptychographic reconstruction process
and the Fourier ring correlation analysis.
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