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Abstract: Coherent X-ray Diffraction Imaging (CDI) and X-ray ptychog-
raphy both heavily rely on the high degree of spatial coherence of the X-ray
illumination for sufficient experimental data quality for reconstruction con-
vergence. Nevertheless, the majority of the available synchrotron undulator
sources have a limited degree of partial coherence, leading to reduced data
quality and a lower speckle contrast in the coherent diffraction patterns.
It is still an open question whether experimentalists should compromise
the coherence properties of an X-ray source in exchange for a higher flux
density at a sample, especially when some materials of scientific interest
are relatively weak scatterers. A previous study has suggested that in CDI,
the best strategy for the study of strong phase objects is to maintain a high
degree of coherence of the illuminating X-rays because of the broadening
of solution space resulting from the strong phase structures. In this article,
we demonstrate the first systematic analysis of the effectiveness of partial
coherence correction in ptychography as a function of the coherence
properties, degree of complexity of illumination (degree of phase diversity
of the probe) and sample phase complexity. We have also performed
analysis of how well ptychographic algorithms refine X-ray probe and
complex coherence functions when those variables are unknown at the
start of reconstructions, for noise-free simulated data, in the case of both
real-valued and highly-complex objects.
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1. Introduction

Recent intense development in coherent X-ray diffraction imaging (CDI) and X-ray ptychog-
raphy has attracted enormous attention in both condensed matter physics and computational
algorithm advancement [1, 2]. X-ray ptychography is the elegant amalgamation of scanning
X-ray microscopy (STXM) with CDI, where partially overlapping illumination provides extra
real-space constraint that expands the sample of interest to large extended objects with high-
resolution. Unlike conventional CDI, X-ray ptychography, iterative algorithms that incorporate
real-space scan position correction [3, 4] and partial coherence properties of illuminating X-
rays, in both longitudinal [5, 6, 7] and transverse [8, 9] directions have brought strong interests
in the CDI community. Previous studies have demonstrated feasibility of partial coherence cor-
rection in CDI by introducing known broadband spectra of an undulator source to improve data
reconstruction efficiency and quality [6]. Also, a modified algorithm that includes ab initio cor-
rection of transverse partial coherence in measured data results to better reconstructions in gold
nano-crystals [9]. While this latter has been cast as a blind deconvolution, Thibault and Men-
zel [10] recently demonstrated that the ptychographic method provides enough redundancy in
datasets to allow high-quality reconstructions through complete recovery of X-ray illumination
modes (and object ’states’ in the case of dynamical sample). This work also opened up the ex-
citing possibilities of information mutliplexing [11] and dynamical systems imaging [12] with
ptychography. Numerical simulation studies on complex-valued sample [13, 14] with X-ray
diffraction imaging phase retrieval algorithms [15] have shown the feasibility of high quality
data convergence. Previously [16], we conducted a systematic study applying partial coherence
correction to both real-valued and highly-complex valued simulated test objects in CDI, and
we observed no obvious improvement of partial coherence correction on highly-complex ob-
jects in CDI. In order to fully understand the role of partially coherent illumination in X-ray
ptychography, we performed detailed analyses on partial coherence correction on simulated
ptychography data, varying the degree of coherence properties of X-rays and sample phase
structure complexity, and phase diversity of X-ray probe. We aim to understand whether a real-
space overlap constraint in ptychography that leads to over-determination in phase retrieval
solutions could result in better data reconstruction compared to CDI for strong-phase objects.
Our reconstruction results reported within strongly suggest that better data convergence can be
achieved with partially coherent illumination for ptychography compared to CDI. As a result,
we envisage that X-ray ptychography will have an overwhelming advantage over conventional
CDI for investigation into highly-complex objects of scientific interest, and that suitable sam-
ples for ptychography can be of relatively large area, ranging from hundreds of nanometers to
microns.

Joseph W. Goodman describes statistical properties of thermal or pseudo-thermal electro-
magnetic radiation [17], by considering photon-counting statistics, one can estimate the exper-
imental integrated intensities of an electromagnetic wave by the introduction of a number of
coherence cells of the light wave. According to the analytical solution obtained on solving the
representation of electromagnetic wave spectral distribution, one can postulate the wave spec-
tral to be Gaussian, Lorentzian or rectangular spectral profiles depending on the parameter that
represents the number of coherent modes of the electromagnetic wave vs. (average measure-
ment time/coherence time used for spectral measurement). For simple approximations, some
researchers propose Gaussian-shell model [18, 19] for electromagnetic radiation from an undu-
lator source from synchrotron-based radiation facilities. This approximation is based on the fact
that electrons in an undulator source radiate in a random and uncorrelated fashion to each other.
A recent study shows that one can approximate the central cone of electromagnetic radiation
from an undulator source by an ensemble of Gaussian limited waves [20]. Nevertheless, some
researchers suggest by incorporation of a higher-order of intensity correlation functions, the in-
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tegrated spectral of electromagnetic wave can be either Gaussian or non-Gaussian distributions
[21]. In conventional ideal cases of light scattering in medium, generalized Siegert relations can
be used [21] to approximate the intensity probability density function of a scattered coherent
electromagnetic wave that propagates as an electric field, resembling a random Gaussian vari-
able with zero mean. This approximation is generally valid for electromagnetic waves from an
undulator source in synchrotron facilities, if higher-order intensity correlation functions (3rd
and 4th orders) are neglected, thus only second order correlation of Siegert relations is consid-
ered.

Thibault and Menzel[10] have looked at partial coherence via modes decomposition method
recently. Their findings on incorporation of partial coherence modes into ptychographic recon-
structions are the first for experimental demonstration with inclusion of partially-coherent (PC)
illumination in ptychography. Joseph W. Goodman [17] proposed a mathematical equivalence
of X-ray illumination modes to a mutual coherence function in the general case of plane-wave
illumination. For exploring variation of performance, the complex coherence function, which
is a Fourier transform of mutual coherence function can be approximated to be a simple alter-
native Gaussian function with one adjustable parameter ¢. The detailed expression of Gaussian
function for mutual coherence function is described in Eq. (3).

2. Theory behind partial coherence correction in CDI and ptychography

Conventional CDI and ptychography algorithms utilise projections of both real-space and
reciprocal-space constraints, in an iterative scheme, finally reaching data convergence when
both constraints are successfully satisfied [22]. In the reciprocal-space part of the algorithm,
usual projection is the modulus 1/7,,(q) of the experimentally known diffraction intensity on
detector in the far field geometry I,,(q), subject to compliance with the square of the ampli-
tude component of the propagated object exit complex wave-field y(r), through updating of
the Fourier representation:

V' (q) = ¥(q) In(a)

[W(q)l

where ¥(q) = % [y(r)], r is the sample space coordinate, q is the reciprocal-space co-
ordinate and the Fourier transform .% acts as a free-space propagator. However, this simple
reciprocal-space projection assumes illuminating X-rays of full spatial coherence, ignoring any
imperfection of the coherent X-ray source that might introduce complexity of the recorded
Fourier-space diffraction intensities. Often, the far-field intensity formed by light scattered from
a sample with a complex transmission function y/(r) under conditions of partial transverse co-
herence is described through the mutual optical intensity J(r,r;) at two points in space ry,
r:

&)

(@) = [ [J0r2) vV (r2) explia. (1~ ) dridr @

The complex coherence function in real-space u(Ax,Ay) can be approximated as a two-
dimensional Gaussian function as follows:

H(Ax,Ay) = u(r) = exp[—((Ax)* + (Ay)*)/20°] 3)
We have defined Ax and Ay to represent real-space unit pixel size in x and y directions in our
numerical simulations for this study.
When the illumination demonstrates a statistically stationary mutual intensity function which
depends only on the difference ry — r3, the measured partially coherent intensity /,.(q) adopts
a particularly simple form:
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Fig. 1. Types of objects used in reconstruction simulations. (a) a real- valued object with
max phase = 0; (b) a complex- valued object with max phase = 2x; (d) a real-valued probe
with max phase = 0; (e) complex -valued probe with = 0.57; the amplitude is flat ; (f)
complex -valued probe with max phase = 27; the amplitude is flat (c) magnitude/phase
colormap for (a), (b), (d),(e) and (f) is illustrated in top right image (c). (g) diffraction
patterns with complex Lena probe with maximum phase = 0.5 & when object maximum
phase = 2 & (h) diffraction patterns with complex Lena probe with maximum phase =2 7
when object maximum phase = 2 7; (k) line-cut profile of amplitude of complex Lena probe
as presented in (e), the Lena probe has smooth profile throughout, including the edges.
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Le(q) = Ir.(q) ® ¥(q) 4)

where I7.(q) is the fully-coherent (FC) intensity obtained through the usual Fourier trans-
form of the wavefield exiting the sample, 9(q) is the Fourier transform of the complex coher-
ence function, and ® denotes convolution. To introduce a partial transverse coherence func-
tion that acts as a point-spread function, which causes fully coherent diffraction intensities to
be blurred, one can employ spatially partial coherent X-ray illumination in the form of two-
dimensional Gaussian function. The degree of the spatial coherence in the complex coherence
function u(Ax, Ay) between any two points then relates to the standard deviation ¢. The Fourier
transform of the complex coherence function, is also a Gaussian function, with parameters
6 = N/(2no) with N the number of square pixels (in a given direction) of the camera. To
accommodate for partial coherence, the Fourier projection is modified accordingly,

In(q)
[W(q)* @ 7(q)
In the limit of full coherence, ¥(q) — 0 (where § is the Dirac delta function) and Eq.(5) be-

comes the usual Fourier modulus constraint that sets the modulus (absolute value of amplitude)
of the iterate to square root of the measured intensity while retaining the phase (Eq. (1)).

In ptychography a dataset is composed of j-th intensity measurement /;,, constructed by
stepping (or rastering) a partially coherent probe across an object with step sizes adjusted so
that adjacent probe positions overlap. The modified CDI equation (Eq. (5)) is adapted here for
ptychography by trivial modification of the projector associated with the Fourier constraint I1¢
in the difference map update (Eq. (9) in [2]). At each iteration k, IIr — II,. incorporates for
partial coherence,

v'(q) = ¥(q) )

i) = (1) + e 210, (w7 (r)) — v ()] = T (w (1)) ©)

where

Ih(q)
V17 @[ (0)] - ()P & ()

M, =7 ' |7 (200, [y} (r)] - yj(r)) )

Eq. (6) is computed (in parallel) over the entire ptychographic subset of exit-fields or
(Cviews’), l[/;‘ = P;.0, while the overlap projector ITy that computes an object O(r) and a probe
P(r) from all the subsets together (in series with Egs. (7)—(8) in [2]), does not need to be mod-
ified.

3. Investigation of effect of probe diversity on ptychography reconstructions

In this paper, we intend to perform a systematic study on how probe diversity affects fidelity
of ptychographic reconstructions. We have selected our object and probe with a various degree
of diversity to satisfy two important criteria. First, simulated object and probe should bear
very little correlation with each other, however, they should be in the same category of the
spatial frequency spectrum. Secondly, neither object nor probe can be too simplistic or too
general (completely uncorrelated in spatial frequency). As a result, we have used simulated
probes with incrementing phase diversity with a maximum probe phase of Py= 0 to 27 with
a 0.57 step size. As already explained in the previous part of this section, we used an entirely
fictitious test sample using the canonical Lena image as a magnitude component and the same
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image rotated clockwise 180 degree as a phase component. The Lena probes used in this study
are of square shape and all appropriately zero-padded with soft-edges to mimic real X-ray
probes in most experimental conditions. The Lena probes are convolved with a two-dimensional
Gaussian function so that the blurred probe profiles are smooth throughout the structures. We
used 6 /L(probe) to define the relative degree of coherence. L(probe) is the size of probes used
in the simulations (100 pixels).

4. Simulation details

o/L=0.0625 o/L=0.125 o/L=0.175 o/L=0.2 o/L=0.25 o/L=0.5 o/L=1

Fig. 2. Results of reconstructions using both the PC and FC projections for complex valued
(max phase= 27 and max phase= 0.57 and ) samples at 7 degrees of coherence = 6/L. The
reconstruction of the weakly-complex sample has better reconstruction results from the
PC projection vis-a-vis the FC projection, but the strongly-complex sample needs higher
degree of coherence /L for successful convergence. All reconstructions were performed
with overlap of 70% in ptychographic simulations. We used a soft-edged square-shape
probe for this part of study.

To examine the effects of partial transverse coherence on the quality of ptychographic re-
constructions, we performed reconstructions using simulated data in which the Lena object (L)
under illumination was the canonical Lena test image of size 512x512 pixels. We used a scaled
version of the image with maximum value of unity as the magnitude of the test object, and a
similarly scaled version with a 90-degree rotation as the phase component of (L'). We control
the complexity of the sample through an additional scaling parameter of the phase component.
In all cases, we model the object through as:
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iL P ) ®)

~ max(L) (XP (max(L)

We use the luminosity of the Lena image as the relative thickness of a fictitious physical
sample while tuning @,,,,, within the range of (0,27) producing a real-valued or fully complex-
valued real-space sample. For a maximum phase delay ¢,,,x = 27, the fictitious sample would
compare with a real-sample of aluminium with a maximum sample thickness of 1um illumi-
nated by 500eV photons [16]. Figure 1 illustrates the complex object scheme used for ptycho-
graphic data simulations.

Having the luxury of knowing the simulated object O°, we can define a real-space error
metric to provide absolute quantification that is previously used by Parks et al[16]:

V/Ean,a,, 100"
Ln; [e

where Ay, Ay, gives pixel coordinates. Reconstructed complex-valued images are corrected
with global phase offset removal as used by Chapman et al [24], therefore, arbitrary phase offset
has been removed from reconstructions by maximising the real part of the complex images
multiplied by a phase factor.

To understand how X-ray probe affect ptychographic reconstructions with partially coherent
illumination, two classes of X-ray probes are used: 1) A soft-edged square of side-length 100
pixels within a CDI window [23] of 200 pixels Fig.1 d); 2) The same soft-edged square but as
the magnitude component of the probe, with phase structure provided by a version of the Lena
image rotated by 180 degrees. In the second class, we use two sub-types of smooth complex
Lena probe with soft-edges. One sub-type probe has flat amplitude with 180-rotated phase
image, the other sub-type has structure introduced into the magnitude component of the probe
by using the Lena image flipped upside down, and has the same phase image as the first sub-
type. In both sub-types of the second class of probes, we control the maximum phase of the
probe through a ¢,,,, component as we do with the object.

In these simulations, we raster the illumination across a regular grid to provide overlapping
views of the sample. The illumination function P; at a raster site j is therefore a shifted version
of the original illumination function P:

Ryeat = )

Pj(r) = P(x+Ay,A(0),y + Ay, A(O)) (10)

where A,; is the raster pixel coordinate along the x-axis, A,; is the raster pixel coordinate
along the y-axis, and A(®) is the number of pixels required to achieve the overlap ratio ©. In
these simulations, we conduct the reconstruction in a grid fashion, with n; and m; taking on
integer values between zero and five. In all simulations, we calculate the shift value A(®) as
100*0, where O is the overlap ratio in the range 0 to 100 %. We simulated diffraction data with
degrees of overlap in a range of 0.1 to 0.9. Both fully-coherent (FC) and partially-coherent (PC)
projection were used in reciprocal-space part of the algorithm.

We used oy as the standard deviation of the complex coherence function to simulate partially
coherent ptychographic datasets. To start we use deviated ¢ as input. To access the degree of
deviation of parameter sigma from the true simulated sigma values that can be tolerated for re-
constructions, PC projection step is categorised into three parts: 1) use the exact known partial
coherence parameter ¢ to do PC; 2) use under-determined /oy ratios, 0.7 or 0.9 for PC pro-
jection; 3) finally, use over-determined ¢/ oy ratios, 1.1 or 1.4 for PC projection. ptychographic
reconstructions were performed with the modified difference-map algorithm adapted for trans-
verse partial coherence correction (Eq. (5)) with 100 iterations of FC followed by 100 iterations
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of PC projections. A single convolution step of reciprocal-space complex coherence function
with calculated diffraction intensities can be exact, over-determined or under-determined de-
pending on the initial starting value of o used for PC projection. No optimisation of the com-
plex coherence function parameter sigma was performed in the initial simulations in order to
reduce computational time required for this analysis. The reconstruction results of both fully
and partially coherent projection methods were compared and analysed.

5. Interpretation of ptychographic reconstruction results

One expects that with robust overlap constraint in real-space, ptychography is much more tol-
erant to imperfection of X-ray illumination, reaching better data convergence comparing to that
of conventional CDI. Figure 2 demonstrates using a simple soft-edged square function, how
ptychographic reconstructions with PC and FC projections perform, when perfect knowledge
of complex coherence function and probe is assumed. The reconstructed results have supported
this claim; we have observed better quality in reconstructed data with ptychography compared
to CDI[16], under spatially partial coherence conditions. This improvement of data reconstruc-
tions occur in the coherence definition parameter (6/L) from 0.5 to 1, however, there has
been no significant improvement in reconstruction results with o /L values that are outside of
this range. With o/L being more than 1, FC and PC projections with either over- or under-
determined complex coherence function produce similar acceptable reconstructed results. This
is expected because of a very high degree of coherence of /L is bigger than unity. For degree
of overlap between 10 to 40%, FC projections with partially coherent diffraction data do not
converge at all. However, with PC projections being introduced, data reconstruction quality im-
proved significantly, almost reaching to the level of acceptance. For example, with o /L equals
to a 0.5 and 10% overlap, the best PC projection occurs at exact estimation of partial coher-
ence parameter o, with relatively similar result for over-determined value of 6 /0y = 1.4, with
relatively poorer result of 6/0p = 0.9 when complex coherence function is under-determined.
The best reconstruction quality is achieved with overlap of 90%, the highest of the attempts,
showing the best real-space R-factor error metric of FC to PC projection, even for the maximum
object phase of 27.

Figure 3 shows ratio of the real-space R-factor error metrics (FC/PC) as a function of 6/L
for objects with various degree of phase maxima and overlap of 70%. Better data convergence
always tend to happen at higher o /L for object with phase maximum of both 27 and 0.5 7.

The reconstruction results show that lower overlap values reduce reconstructed bonus fidelity
(where the bonus fidelity is defined by Parks et al[16] to be ratio of FC/PC projections) and
objects with maximum phase 27 suffer the most. The cut-off degree of overlap values where
PC projection gives bonus fidelity is at 40 %, below which, when object maximum phase values
exceed 7, the PC projection is worse than that of FC. Nevertheless, at overlap values lower than
40 %, the PC projection reconstructions are still better in comparison to that of FC projection
with object maximum phase being less than 7. In cases when overlap values are higher than
40 %, the PC projection always show better reconstruction results than FC projection for all
object maximum phase values, ranging from 0 to 27. This may be a direct consequence of
powerful real-space overlap constraint that provides over-redundant information in diffraction
intensities, which help iterative algorithms to find correctly converged solutions, when the X-
ray illumination is partially coherent.

For further evaluation of the effectiveness of PC projection, the reconstruction fidelity analy-
sis was performed with various degrees of phase complexity of Lena probe. This was performed
in such as a way that perfect knowledge of probe and complex coherence function are incor-
porated in ptychographic reconstructions to minimize the number of unknowns. We found that
the highest phase-diversity probe is the most robust type with the best quality of ptychographic
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Fig. 3. Ryeq; (FC/PC) Vs. ¢ /L for 9 6/L used in simulations, for object maximum phase =
27 and 0.5 7. Two sets of results are done with soft-edged square-shape probe in simula-
tions. This figure is for investigation of cut-off ¢ /L for maximum phase = 27t and maximum
phase = 0.5 7 of objects. Our results show that the cut-off /L for good reconstructions is
higher for max object phase = 27 than for max object phase = 0.57x. In other words, better
coherence is needed for highly complex objects. All simulation were performed with 70 %
overlap. The horizontal lines drawn here are the cut-off degree of coherence o /L, above
which successful data reconstructions are obtained for both object cases, in the same colour
scheme.
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Fig. 4. Top: real-space R-factor log-scale FC/PC bonus plots for high phase-diversity (max-
imum probe phase = 27) and real-valued probe as a function of degree of coherence 6/L
for both object maximum phase = 0 and 27z for 0.3, 0.5 and 0.7 overlap ratios. The hori-
zontal lines in all the graphs in the top panel are cut-off lines for acceptable reconstructions
with correctly converged images. Above the cut-off lines the reconstructions are accept-
able, while below the lines the reconstructions fail to converge. The performance of a high
phase diversity probe is slightly worse than a real probe when overlap ratio is very low (30
% overlap ratio), with 50 % and 70 % overlap ratios the high phase diversity probe always
produce better reconstructions results. Bottom: Comparison of real-space R-factors of re-
construction results of high-phase and real-valued probes ratio as a function of degree of
coherence & /L for both object maximum phase = 0 and 27. Reconstructions are performed
with simulated data of 50 % overlap ratio.
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reconstructions and the highest bonus fidelity according to real-space metrics. Within the class
of Lena complex probes, we found that the maximum phase of 2 7 (phase only complex Lena
probe with amplitude being flat) gives the best bonus fidelity of reconstructions. By decreasing
the complexity of maximum phase structure of Lena probe; real-space bonus fidelity reduces
accordingly. Figure 4 shows a comparison of reconstruction bonus fidelities of the complex
Lena probe with various phase complexity at maximum object phase values ranging from O to
27w, with 50% and 70% degrees of overlap for a wide range of o /L values. Previous studies
[25] have demonstrated the advantage of using illumination phase diversity in CDI reconstruc-
tions, our simulation results show this advantage also applies in ptychography [26]. The results
presented in Fig. 4 demonstrates that a higher phase-diversity of the probe gives rise to much
better data reconstructions, especially when object has high phase structures.

Although the partial coherence correction in ptychography is extremely robust, there is a
cut-off limit for the degree of coherence below which ptychography fails to reach convergence
even with the highest degree of overlap. We have performed a detailed analysis for a degree
of overlap of 70% and with a maximum object phase structure of 0.57 and 27, many degree
of coherence o/L values with fine increments were studied. The detailed analysis of the cut-
off degree of coherence &/L for both object maximum phase = 0.5 7 and 27 is illustrated in
Fig. 2, with both real-space and reciprocal-space error metrics being plotted as a function of
degree of coherence (0/L). According to the real-space error metric, the ptychographic recon-
structions with PC projection become unacceptable when /L is smaller than 0.25, (which is
the cut-off value of degree of coherence for acceptable reconstruction) results when a complex
object with maximum phase of 27. For maximum object phase of 0.57, the cut-off degree of
coherence is slightly lower than that of 27, about 0.125, which manifests the finding that for
X-ray diffraction imaging, the demand for X-ray coherence is lower for weak/flat phase objects,
and for strong phase objects, the requirement for coherence property of X-rays is higher. In our
previous report, we find similar trend for simulated CDI analysis [16].

The degree of coherence defined as 6/L can be bigger than unity, where transverse coher-
ence length reaches infinity when X-ray probe becomes fully-coherent mathematically. In real
synchrotron radiation beamlines, X-ray sources are considered to be fully-coherent when o /L
values approach unity. Reconstruction results become very similar when /L ratios are big-
ger than unity in our simulation analyses. Therefore, we conclude that there are no significant
changes in reconstruction results when ¢ /L is much bigger than unity.

Figure 3 shows real-space R-factor error metrics analyses for both object maximum phase
of 0.57 and 27. By looking at reconstructed images in Fig. 2 combined with real-space metric
suggest minima cut-off coherence properties of X-rays are expected for various degrees of
object complexities to achieve successful reconstructions, of noise-free simulated datasets.

6. Refinement of partial coherence function

Based on the premise that in real experiments, we would never know the exact complex co-
herence function for experimental data (owing to the experimental complexity and instrumen-
tal instabilities at synchrotron beamlines), we therefore conducted a simulation study on the
refinement and optimisation of both X-ray probe and complex coherence function during pty-
chographic iterative reconstructions, with the aim to gain a good understanding of how well
ptychographic algorithms with partial coherence correction perform for reaching global data
convergence. The modified CDI algorithm developed by Clark [9] has the ability to a posteri-
ori retrieve the complex coherence factor of the illumination from a single diffraction pattern,
thus skipping the need for ’laborious’ interferometric measurements [27, 28, 29]. Prior to the
application of the intensity constraint (Eq. (4)) it is suggested [9] to update the numerical esti-
mate of 7(q) by employing a Richardson-Lucy (RL) algorithm,
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where 12%(q) is formed by a combination of the previous and current iterates estimate of the
coherent intensities. Straight forward adaptation of the RL refinement algorithm to ptychogra-
phy is realised by using,

1%(q) = 2|7 (I, [y ()] = wj (r) > — |7 (2 [y} ' (1) = v (1) (12)

while i in Eq. (11) is referring to a sub-iteration, f/k’A"i (q) — ?k’A’".f (q) will be now referring

to the index j of each ptychographic subset, meaning that (all) the measured diffraction pat-
terns are taken into account in the update process. To reduce computation time, the complex
coherence function is only updated every 10 iterations. Alternatively, the update of 7/ can be
done by minimisation of the reciprocal-space quantity

Ei= [ 1@~ 19 (@ & 7(a,6)Pdg (13)

with respect to the free parameter 6.

We have performed systematic numerical studies on how partial coherence algorithms opti-
mise and refine the complex coherence function and X-ray probe during iterative reconstruc-
tions. To fully isolate our simulation studies to investigate only the performance of partial co-
herence correction in the case where both probe and complex coherence function are unknown,
no noise is added into the simulated ptychographic diffraction datasets. We have simulated
partially coherent ptychographic datasets (6 /L) in simulated diffraction data to be a range of
0.1 to 0.9 with small incremental steps, where we used a ratio of 6/0p of 1.5 for the initial
complex coherence function guess to start iterative reconstructions, and we gradually refine
the complex coherence function for every 10 iterations during the reconstruction process. To
mimic real experimental analyses, we used a ratio of P/Py of 1.5 for the initial guess of the
soft-edge probe function with a random guess for the phase component, and let it to be refined
during the reconstructions. Several initial guesses of ¢ parameters of both probe and complex
coherence function are fed into algorithms, with the starting values of the ratio of ¢ /0oy values
being scattered between 1.5 and 2.

Figure 5 shows the refinement of coherence function with one variable 6 when the correct
coherence function is unknown at the start of the ptychographic reconstructions. This analysis
shows that we have observed the ability to retrieve complex coherence functions using a Clark
et al. partial coherence correction, where the lower limit for degree of coherence for the suc-
cessful recovery of the partial coherence function is about 0.1, for an object maximum phase of
0.57. This is lower than the limit of the degree of coherence for acceptable reconstruction (as
indicated earlier as 0.125) and this might suggest that the complex coherence function retrieval
is more robust than object data convergence for low coherence conditions when the object max-
imum phase is 0.57. When the object maximum phase is increased to 27, the lower limit cut-off
of degree of coherence is approximately the same for both good coherence function retrieval
and object data convergence, of around (o /L) 0.25.

To accurately refine and optimise the complex coherence function during experiments, we
suggest experimentalists to retrieve the coherence function from a simple test object, similar
to the method for extracting a complex probe structure through a well-known test pattern in
transmission-geometry ptychography. Once the complex coherence function is obtained, better
data reconstructions can be achieved for real complex objects by feeding the correct complex
coherence function into iterative algorithms.
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Fig. 5. Results of reconstructed coherence function, parametrized by ¢ /L, the results are
plotted as ratio of reconstructed o, to simulated o for various degree of coherence, sample
complexity and probe phase diversity. Left: with 30% overlap; Right: with 70% overlap in
simulated dataset.

Previous study by Thibault and Menzel [10] has demonstrated the feasibility of incorporation
of multi-modes of X-rays into ptychographic reconstructions, and this particular approach ac-
commodates arbitrary complex coherence function in the iterative algorithms. In this study, we
use a two-dimensional Gaussian-Shell model to approximate possible arbitrary complex coher-
ence function as suggested by K.A. Nugent [18]. Future studies can extend this approximation
to more complex forms of mutual coherence function, and we believe studies of multi-modes
of X-rays in ptychography can be explored more intensively in the near future because of its
promises of high-resolution diffraction imaging of extended objects with high efficiency.

7. Variables that are of importance for ptychography

This paper is focused on partial coherence correction on various degree of probe and object di-
versities; the degree of overlap; and the relative coherence length ¢ /L. Recent studies on other
important variables such as degree of binning of diffraction intensities; the fundamental ptycho-
graphic sampling (FPS) [30].which is related to the oversampling ratio in the reciprocal-space
diffraction intensities. Edo et al. discovered[30] that converged reconstructions are obtained
with an oversampling ratio of 0.5, much lower than the conventional lower limit of oversam-
pling ratio of 2 in CDI, that is the Nyquist sampling requirement in conventional diffraction
imaging. Interestingly, this study demonstrates that certain requirements could be relaxed in
ptychography compared to that in CDI, such as the minimum sampling ratio that is needed
in reciprocal-space diffraction plane. That is, the ptychographical reconstructions are indepen-
dent of sampling ratio in reciprocal-space diffraction intensities as long as the requirements of
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sampling ratio in real-space as a function of probe size and position on sample is satisfied.

8. Importance of the parameters used in numerical simulations

Degree of coherence: The degree of coherence 6 /L represents the ratio of X-ray beam size on
sample to the transverse coherence length of X-ray illumination in a particular beamline at a
particular X-ray energy. Our study shows that 20% of degree of coherence o/L is sufficient
for data convergence no matter what samples are used in experiments. This implies that for
a fixed X-ray illumination size on sample the coherence defining aperture (especially in hard
X-ray coherence beamlines where coherence of X-ray illumination is controlled by coherence
defining slits that are usually placed upstream of sample) can be as low as 20%. Therefore slits
can be selected to be bigger to allow more X-ray flux arriving at sample. This finding is very
useful since a lot of samples of scientific interests are weak scatterers, thus higher incident
flux can help to reduce exposure time (therefore reduce total data acquisition time required in
ptychography experiments) and to increase signal-to-noise ratio in ptychography experiments.

X-ray probe phase diversity: In our study we have demonstrated that in simulation high phase
diversity X-ray probe gives best ptychography reconstructions. This is particular important in
real experiment because unwanted noises are present in experimental data due to various ori-
gins such as Poisson counting noises of CCD detector; cosmic rays; or instrumental instabilities
etc. that would reduce data quality. If we introduce high diversity probe to ptychography exper-
iments, better data convergence can be obtained when other experimental parameters are kept
the same.

Sample phase diversity: Real samples can be real; weakly-complex or highly-complex struc-
tures. In transmission-geometry ptychography experiments when majority of samples of this
geometry are deposited on a thin SiN membrane samples can exhibit both real and imaginary
components which correspond to absorption and phase contrasts. The absorption and phase
components are direct measurements of imaginary and real parts of the complex refractive in-
dex (B and §). This is particular important for analysing chemical component of sample. In
Bragg-geometry the real part of the complex sample exit wave-function corresponds to the
electronic density and the phase part (imaginary part of complex sample exit wave-function)
corresponds to atomic displacement in crystal lattice which encodes quantitative information on
crystal lattice perturbations. The cases in our simulation contain real-valued weakly-complex
and highly-complex sample functions which represent samples with no lattice distortion; weak
lattice distortions and highly-strained crystal lattice state. All of which can exist in real samples.

9. Conclusion and future outlooks

We have performed systematic analyses of the role of partial transverse coherence correction
in ptychography. We have shown convincingly that this correction leads to significantly im-
proved reconstructions over a wide range of coherence and overlap parameters. We have found
that the coherence corrected ptychography reconstructions converged well whenever the o /L
value was above 0.25, and the overlap ratio was above 40%. A complex Lena probe gave the
best convergence, for all coherence, overlap and maximum object phase values, according to
error metrics analyses. Earlier researchers found that data convergence in CDI was dramati-
cally improved with high phase diversity probes, and here we came to the same conclusion for
ptychography. Moreover, we proved that, according to both real-space and reciprocal-space er-
ror metrics, ptychography with partial coherence correction works well for objects with phase
ranges above , suggesting that ptychography is a very robust technique for typical materials that
usually exhibit the strong phase structures when they are strained. We found there were limits
to the degree of partial coherence, below which ptychographic reconstructions fail to converge
at all. We have formally established the lower phase cut-off limits and we hope our results can
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provide useful criteria to experimentalists for the selection of coherence properties. In the case
of weak-scattering samples, sufficient coherence is needed to achieve enough signal-to-noise
ratio for good quality ptychographic reconstructions.
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