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Abstract: We present a systematic study, where effects of the illumination probe design
on ptychography reconstruction quality are evaluated under well-controlled conditions. The
illumination probe was created using Fresnel zone-plate (FZP) optics with locally displaced
zones to provide a fine control over perturbations of the illumination wavefront. We show that
optimally designed wavefront modulations not only reduce bias and variance in the reconstruction
of the lowest spatial frequencies but also lead to improved imaging resolution and reduction
of artefacts compared to a conventional FZP. Both these factors are important for quantitative
accuracy and resolution of ptychographic tomography. Our work furthers the understanding of
the important characteristics of an optimal illumination for high-resolution X-ray ptychography
and how to design optimal FZP wavefront modulations for different applications of ptychographic
imaging. These findings are applicable and relevant for ptychography using optical, EUV, and
X-ray photons as well as electrons.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In the last decade, ptychography has become a standard and a very successful method for
high-resolution quantitative imaging in X-ray [1–6], extreme ultraviolet (EUV) [7, 8] and optical
wavelength range [9–11] and in electron microscopy [12–14]. Conventional ptychography is a
scanning-based coherent diffractive imaging (CDI) method that provides very robust and accurate
phase-retrieval. The high robustness is achieved by the use of the translation diversity provided
by lateral shifting of the sample with respect to a structured illumination probe. The measured
diffracted intensities combined with additional information from the adjacent, partly overlapping
scan regions are used to recover the complex-valued sample transmissivity or reflectivity. Since
there are no optics required between the sample and the detector and every photon is collected in
parallel by an area detector, it provides a way for dose efficient imaging [3, 15–17], and it can
provide sub-15 nm resolution with X-ray photons [4,5,18] and deep sub-ångström resolution with
electrons [13]. An important feature of ptychography is the ability to recover additional variables
along with the sample transmissivity such as the complex-valued illumination probe [2, 9, 19, 20]
and its time evolution [21,22], relative positions of the sample with respect to the illumination
probe [19, 22–25], coherence properties of the illumination [26], spectral information [27], and
many others [22, 28–31]. This flexibility alleviates the need for perfect experimental conditions,
such as precise knowledge of the illumination wavefront, and makes ptychography a valuable
tool for beam characterization and aberration sensing [32–38].

Although ptychography reconstruction algorithms do not need to be provided with a precisely
known illumination probe, the illumination still needs to satisfy several constraints. In order to
reach optimal performance, conventional scanning-based ptychography requires a constant and
sufficiently structured illumination probe that provides sufficient translation diversity. Additionally,
in the particular case of conventional far-field ptychography, the illumination probe must have a
limited spatial extent in order to provide adequate sampling of the far-field diffraction pattern.
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This raises the important question of how the illumination can be tuned to improve the imaging
performance, resolution, or quantitative accuracy. It also raises the question of the relevant
trade-offs and compromises associated with these modifications. The most common approaches
to create the illumination probe for the X-ray ptychography are either a beam limiting pinhole [1,3]
or a focusing element such as Fresnel zone plates (FZPs) [2, 18, 33, 39–41], Kirkpatrick-Baez
(KB) mirrors [32,36], or refractive lenses [34,42]. Nowadays, a focused beam illumination is
the dominant choice for high-resolution X-ray ptychography due to longer working distance,
and the reduced dynamic range in the collected diffraction patterns. Additionally, the focused
illumination allows for tuning the extent of the illumination probe simply by moving the sample
along the direction of the beam propagation [33].

The idea of optimizing the illumination wavefront for ptychography was already studied both
numerically [43–46] and experimentally with various approaches [10,47–51]. The techniques
for illumination probe optimization for ptychography can be broadly classified in two distinct
approaches. The first approach, adopted by most of the studies, attempts to broaden the spatial
frequency content of a focused illumination, i.e. effectively its coverage of the far-field detector,
with the goal to reduce the dynamic range of the collected diffraction patterns [10, 48] and
to enhance the ptychographic translation diversity [47]. Since ptychography is principally a
structured illumination technique, the additional structure in the illumination provides stronger
information, when a probe shift is performed, one way to intuitively understand this is by
going to the opposite extreme, namely if the illumination has no structure then translations are
inconsequential. A more structured illumination leads to better convergence [44, 45], higher
reconstruction quality [47] and better modal decomposition [50]. Enhancement of the spatial
frequency content can be done either by adding a hard edge [47] or a diffuser-like element
between the focusing optics and the sample [10, 48, 49]. However, the beam modulator needs
to be placed very close to the sample, in order to avoid significant increase of the illumination
probe diameter. The resulting small working distance limits the applicability of this approach for
high-resolution ptychography.
The second approach is to place a wavefront perturbation element upstream or directly

into the focusing optics. This option was first experimentally demonstrated in the context of
the X-ray ptychography in [51]. However, their implementation leads to extremely strong
aberrations and severe broadening of the illumination probe that, as we will show, may deteriorate
the reconstruction quality. In order to prevent various drawbacks caused by broadening of the
illumination probe, the amplitude and spatial frequencies of the fabricated wavefront perturbations
have to be optimized [45]. Additionally, this approach does not reduce data dynamic range nor
does it broaden the illumination spectrum compared to an aberration-free focusing optics. A
wavefront perturbation element placed near or at the lens plane cannot broaden illumination
at the detector plane without significant extending of the illumination size at the sample plane.
A weak aberration element placed near or at the lens plane cannot broaden illumination at the
detector plane because the footprint of the illumination on the detector is solely determined by
the lens numerical aperture, which is not modified significantly by weak aberrations. Therefore,
fabrication of wavefront modulations directly into the FZP does not share the same effect on the
measurement and reconstruction as the aforementioned diffuser-near-the-sample approach.

Here we study the second approach, namely the effects and the optimal wavefront modulation
to be designed directly into the FZP pattern. This approach allows us to preserve the working
distance of the used focusing optics. Additionally, the direct integration of the wavefront
modulation into the FZP eliminates possible drifts between multiple optical elements and the
transmission efficiency of the focusing optics is preserved. Our goal is to present a systematic
study based on well-controlled amplitude and spatial frequencies of the wavefront modulation to
design an improved ptychographic illumination. For easier comparison, all measurements were
done with the same experimental parameters: the FZPs have identical diameter, focal length, and
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all measurements are done with the same sample to optics distance. Therefore we avoid effects
caused by varying illumination NA, illumination diameter on the sample, transmission efficiency,
and coherent fraction.

2. Design and manufacture of FZPs with wavefront modulation

We designed and fabricated 9 gold FZPs with different wavefront modulation properties, at the
Laboratory of Micro and Nanotechnology, Paul Scherrer Institut, Switzerland. All FZPs have
a diameter of 170 µm, a structure height of 1.1 µm, and the outermost zone width of 60 nm.
The FPZs were electroplated in polymethyl methacrylate (PMMA) molds patterned using an
e-beam lithography writer (Vistec EBPG 5000plus). As reported in previous works [52, 53], the
concentric rings of the FZP are cut into smaller arcs to avoid the collapse of the PMMA, molds
during intermediate steps in the process. Each of the tested zone plates contains a different level
of high-order aberrations defined by a smoothly varying random displacement vector field (DVF)
with a Gaussian probability distribution determined by a characteristic spatial frequency ka, i.e.,
spatial period of λa = 2π/ka. The DVF was applied to distort both the vertical and horizontal
coordinates of each FZP element, i.e. to deform the Fresnel zones. The expected additional
wavefront phase modulation can be then estimated as

Φ(x) = [∆XDVF(x) + ∆YDVF(x)] /w(x) (1)

where w(x) describes the local average width of the Fresnel zones at the position x and ∆XDVF
and ∆YDVF are horizontal and vertical components of the deformation field. Although the
shift of the zones was up to ±90 nm with respect to their original position, the width of the
outermost zone width varies only within a range of ±10% from its nominal value. The maximum
designed amplitude differences ‖∆Φ‖ = max(Φ) −min(Φ) of the wavefront modulation and their
characteristic spatial frequencies ka are summarized in Table 1 for each of the tested FZPs. GDS
schemas of the perturbed zone plates are provided in Dataset 1 [61].

Table 1. Summary of the design parameters for the tested FZPs. The characteristic spatial
frequency is denoted by ka [µm−1] and the maximal amplitude difference of the FZP
modulations by ‖∆Φ‖ [rad].

# FZP ka ‖∆Φ‖ # FZP ka ‖∆Φ‖ # FZP ka ‖∆Φ‖

11 - - 21 1.2 1π 31 2.0 1π

21 0.4 2π 22 1.2 2π 32 2.0 2π

31 0.4 3π 23 1.2 3π 33 2.0 3π

FZP11, which served as a reference, is a standard zone plate with no additional wavefront
perturbations. The other FZPs contain fabricated well-controlled aberrations with different
amplitudes and dominating spatial frequencies. The coordinate deformations of the produced
FZPs can be observed as distortions of the Moire effect in Fig. 1(g). Note that the presented
characteristic spatial frequency ka, is relevant only for the FZP diameter of 170 µm. In order to
reproduce our results with a FZP of a different diameter, the characteristic spatial period should
be scaled proportionally to the FZP diameter in order to maintain number of the spatial periods
over the pupil size. Given the FZP diameter of 170 µm and perturbations with spatial frequencies
of ka = {0.4, 1.2, 2.0} µm−1, the average number of spatial periods over the pupil diameter is
equal to 10.8, 32.5 and 54.1 respectively.
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Fig. 1. Images (a-c) show horizontal components ∆XDVF of the designed DVF for each
of the tested spatial frequencies ka in Table 1 and maximal DVF amplitude of 180 nm.
Images (d-f) show corresponding measured wavefront aberrations for FZP13, 23 and 33
after subtraction of the reference aberration-free phase wavefront measured on the reference
FZP11. The white regions in centers of the images (d-f) could not be measured due to the
central stop. Image (g) shows a scanning electron microscopy (SEM) image of FZP11 (left)
and FZP33 (right), where the Moire pattern between the SEM scanning lines and the zone
structures clearly highlights the irregularities of the local zone widths. A detail of the zones
is shown in (h).

3. Characterization of the fabricated FZPs

Characterization and tests of the FZPs were carried out using X-ray ptychography at the cSAXS
beamline of the Swiss Light Source, PSI, Switzerland, using the flexible tOMography Nano
Imaging (flOMNI) end-station [4]. High stability and interferometric feedback of the flOMNI
end-station helps to mitigate drifts and vibrations that could otherwise deteriorate the data quality
and thus affect reconstruction quality comparisons. The illumination wavefront was reconstructed
by ptychography at 6.2 keV photon energy. In order to block the zero-order light, a gold central
stop of 50 µm diameter was positioned upstream of the FZP and an order sorting aperture of
30 µm diameter was placed after the FZP, such that only the first diffraction order was passing to
the sample. The intensity of the signal scattered by a test sample, described further in Section 5,
was measured using an in-vacuum Eiger 1.5M detector [54] placed 5.268m downstream of the
sample. A detailed description of other experimental parameters can be found in Section 4.
The amplitudes of the reconstructed illumination probes for each FZP are shown in Fig. 2,

where Fig. 2(a) shows amplitudes at the sample plane and Fig. 2(b) at the detector plane. These
measured probe amplitudes at the detector plane are dominantly affected by a combination of 1)
the non-uniform amplitude and wavefront of the incident beam due to upstream beamline optics,
as can be seen in the reference FZP11 in Fig. 2(b), 2) by the controlled aberrations fabricated into
the FZPs and 3) by the entrance pupil shape, i.e. the diameters of the FZP and of the central stop.
Figure 2(a) shows the effects of the different wavefront modulation on the reconstructed

illumination probes. The aberrations with low spatial frequencies in FZP12 and FZP13 result
in evident changes of the illumination probe at the sample plane compared to the reference
FZP11. This is in contrast to the rather subtle change of the amplitude distribution at the
detector plane shown in Fig. 2(b) compared to the reference FZP11. On the other hand, FZP22,
23, 32 and 33 provide a strong amplitude modulation at the detector plane, while the overall
amplitude distribution at the sample plane is close to that of FZP11. Reconstructions of the phase
modulations for FZP 13, 23 and 33 are shown in Fig. 1(d) and (f).

Figures 1(g) and 1(h) also show SEM images of the FZP11 and FZP33. The introduced shift
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Fig. 2. Normalized amplitude of the reconstructed probes for each of the tested Fresnel
zone plates listed in Table 1(a) at the sample plane and (b) at the detector plane. In (b) the
dark regions in center of the propagated patterns are caused by the central stop. The images
of the real-space amplitudes in (a) are cropped from 14×14 µm2 down to 7×7 µm2 and the
far-field amplitudes in (b) were cropped down to 19×19 mm2 for better visualization of the
effects of the wavefront modulation.

of zones in FZP33 becomes visible as a strong irregularity of the Moire fringes in Fig. 1(g).
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Fig. 3. Radially integrated intensity distribution (RIID), see Eq. (2), for each of the tested
FZPs at the sample plane (a) and at the beam focus plane (b).

One of the potential drawbacks of the wavefront-modulated FZP is the increase of the beam
waist size at the focal plane. If the increase of focus waist diameter is significant it may pose a
limitation for nanoprobe-based ptychography [55], which combines X-ray ptychography with
fluorescence imaging [39–41, 56]. The effects of the beam waist broadening are illustrated in
Fig. 3(b) and Fig. 5. Figure 3(b) shows the radially integrated intensity distribution (RIID) in
focus

RIID(R) =
∫ R

0

∫ 2π

0
|Pf (r, ψ)|2dψrdr (2)

where Pf (r, ψ) denotes reconstructed illumination probe propagated to the focus. The reference
FZP11 provides the tightest waist with a full width at half maximum (FWHM) of 81 nm, a Strehl
ratio S=0.64, see Fig. 4, with 90% of flux contained within a diameter of 0.43 µm. However,
even FZP21 and FZP31 still provide a comparable FWHM equal to 87 nm, S=0.62 and with
90% of flux is contained within a radius of 0.75 µm and 0.67 µm respectively. On the other hand,
the high-amplitude and low-spatial-frequency modulations present in FZP13 lead to broadening

                                                                                                Vol. 27, No. 10 | 13 May 2019 | OPTICS EXPRESS 14985 



N
orm

alized intensity [a.u.]
100nm

FZP11 S=0.64

FZP12  S=0.46

FZP13 S=0.28

FZP21 S=0.62

FZP22  S=0.58

FZP23 S=0.52

FZP31  S=0.62

FZP32 S=0.60

FZP33 S=0.57

Fig. 4. Calculated beam intensity in the focal plane for each of the tested lenses with S
denoting the Strehl ratio. The Strehl ratio was estimated as the ratio of the peak intensity at
the focus versus the peak intensity at focus expected from an aberration-free lens.

of the beam in focus and reduce Strehl ratio to S=0.28. The FWHM of RIID equal to 423 nm
would present a severe drawback for multimodal nanoprobe imaging. Wavefront modulations
with finer spatial frequencies do neither significantly expand the FWHM of the RIID nor reduce
the Strehl ratio, however for example the high-amplitude wavefront modulation present in FZP33
lead to a slowly decaying RIID and a diameter of 4.1 µm is required to cover 90% of the total
flux, as shown in Fig. 3(b). The increase in beam waist size may significantly increase demands
on ptychography data sampling at the detector plane. FWHM of RIID at the sample plane, which
is placed 0.87mm downstream the focus, is equal to 1.65 µm and, as shown in Fig. 3(a), it is
practically independent of the chosen FZP.

4. Quantitative accuracy - reconstruction of the lowest spatial frequencies

Exact and unbiased reconstruction of the lowest spatial frequencies is crucial for high fidelity
quantitative ptychographic tomography [57]. Although ptychography was observed to provide
highly quantitative phase reconstruction over a broad range of spatial frequencies [58], phase
errors can be present, when the dimensions of the reconstruction are significantly larger than the
illumination probe size. Even a small repeating bias in all 2D projections will result in errors in
the local refractive index and the inferred electron density. As we will show in this section, with
the introduction of wavefront modulations directly on the lens we can significantly improve the
reconstruction accuracy of the lowest spatial frequencies.
The test sample was a fluid catalytic cracking (FCC) catalyst particle with an approximate

diameter of 20 µm. This catalyst particle provides a good test sample to assess reconstruction
quality of the lowest spatial frequencies, since the required horizontal field of view is 10-times
larger than the illumination probe diameter. Four identical scans of the FCC particle were
acquired with each of the FZP at a photon energy of 6.2 keV. Each scan consisted of 2344
positions with an average step size of L=0.8 µm and an exposure time of 50ms per point. The scan
pattern was following a Fermat spiral trajectory [59] and covered a field of view of 50 µm×30 µm.
Given the illumination probe FWHM of Dp=1.65 µm, the average linear overlap [60], defined as
1 − L/Dp, was 51%. The diffraction patterns were collected by an in-vacuum Eiger detector
1.5M [54] placed at a distance of 5.268m from the sample. Only the central region of 512×512
pixels of the detector was used for the reconstructions presented in this section, which results
in a reconstruction pixel size of 29 nm. The average dose was on average 1.1·104 photons per
object pixel, i.e., 15 photons/nm2. The measured datasets are available in public repository [61]
and the reconstruction codes were published in [22]. Since the reconstruction quality depends
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also on the reconstruction method, we present reconstructions performed by 400 iterations of the
difference map (DM) algorithm [2] with the Fourier- and real-space relaxation constants of 0.95,
followed by a refinement with 200 iterations of the least-squares maximum likelihood method
LSQ-ML with compact overlap subset selection [22]. Additionally for comparison, we show
reconstructions using 400 iterations of the extended ptychography engine (ePIE) using α = 0.9
and β = 0.9 as defined in [9].

Figure 5 shows four examples of the unwrapped phase reconstructions [62] of the FCC particle
with two ePIE reconstructions in the top row and two DM+LSQ-ML reconstructions below. The
phase ramp and phase offset were subtracted using the air along the edges of the reconstruction as
reference. The dataset in Fig. 5(a) and (c), was acquired with the reference FZP11 and the dataset
in Fig. 5(b) and (d), with FZP33, which has the strongest and highest-spatial-frequencymodulation.
The ePIE reconstruction with the reference FZP clearly leads to severe underestimation of the
average phase within the sample and also results in strong halo-like artefacts in the air surrounding
the sample. These problems are significantly improved when FZP33 was used in Fig. 5(b),
however, the low-frequency errors are still present as it can be seen in the air around the sample,
where the phase should be flat and equal to zero. The DM+LSQ-ML reconstructions show a
significant improvement in the recovery of the lowest spatial frequencies for the reference FZP
compared to the ePIE reconstructions, as can be seen comparing Fig. 5(a) and Fig. 5(c). However,
even in this case, the wavefront modulation further reduces the low-spatial-frequency variations
of the phase in the air region as shown in Fig. 5(d).
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Fig. 5. Unwrapped phase of a reconstruction from a fluid catalytic cracking (FCC) catalyst
particle. Images (a,b) show reconstructions using ePIE, (c,d) shows the same datasets
reconstructed by DM+LSQ-ML. The dataset used in (a,c) was acquired with the reference
FZP11, while the dataset in (b,d) was acquired with the FZP33, which has wavefront
modulations of the highest amplitude and spatial frequency. The color scale was selected to
cover the full range of the phase values for each reconstruction separately. The phase ramp
and phase offset were subtracted. Line cuts though the reconstructed phase are presented in
Fig. 6.

A more quantitative overview of these results can be seen in Fig. 6, where a line cut though the
phase reconstructions is depicted. Figure 6(a) shows a horizontal cut through the center of the
reconstructions and Fig. 6(b) a horizontal cut through air. In Fig. 6(b), only the DM+LSQ-ML
reconstruction are plotted for the sake of visibility. The shaded areas in Fig. 6(a) and (b) denote
the standard deviation of the recovered phase for four subsequently measured datasets. Using
wavefront-modulated FZPs not only removed the average bias of the reconstructed low-frequency
phase in the air region as shown in Fig. 6(b), but it also reduces the phase variation between
independent reconstructions. Similar reduction of the variation can also be seen in the cut though
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the sample in Fig. 6(a). Although the ground truth phase in Fig. 6(a) is not known, based on the
phase reconstruction in air, we assume that the phase reconstruction using the perturbation-free
FZP with a DM+LSQ-ML reconstruction led to a phase underestimation by up to 8%.
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Fig. 6. Visualization of horizontal cuts through the reconstructions depicted in Fig. 5,
(a) cut through center of the FCC particle, and (b) cut through the air region above the
sample. The lines correspond to the average phase and the shaded areas to the standard
deviation calculated from four subsequent ptychographic scans of the catalyst particle that
were reconstructed independently.

Table 2. Root mean squared (RMS) value of the phase in air

FZP _1 _2 _3

1_ 0.48 0.32 0.27

2_ 0.39 0.12 0.05

3_ 0.35 0.06 0.04

Table 3. Average number of phase residues [62] in each reconstruction

FZP _1 _2 _3

1_ 0 0.25 0.25

2_ 0.75 0 0

3_ 1 0 0

Tables 2-5 shows performance metrics to assess more quantitatively the DM+LSQ-ML
reconstructions with each FZP. The best results are marked in bold. Reconstructions from the
reference FZP11 show the largest residual phase error in the air regions as shown in Table 2. It
should be noted that the low-spatial-frequency wavefront modulations in FZP12, 13 do not lead
to a notable quality improvement despite the significant effect on the illumination probe that can
be seen in Fig. 2(a). These low-spatial-frequency wavefront perturbations in FZP12 and FZP13
produce also more unevenly distributed illuminations on the sample. This is shown in Table 4 by
means of the relative standard deviation of the illumination function defined as

Itot(x) =
∑
i

|P(x + xi)|2 , (3)
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Table 4. Relative variation of the local dose, defined in Eq. (3)

FZP _1 _2 _3

1_ 14% 15% 15%

2_ 24% 18% 16%

3_ 27% 20% 17%

Table 5. Reciprocal space roughness defined in Eq. (4) normalized by value of the FZP11.

FZP _1 _2 _3

1_ 1.00 1.64 2.25

2_ 1.05 3.42 5.81

3_ 1.22 6.78 11.55

where P denotes the complex-valued illumination probe, x are the real-space coordinates and xi
is the i-th scan position. This uneven illumination could explain why the reconstructions from
FZP12 and FZP13 result more often in phase residues [62], as shown in Table 3. Presence of
phase residues and vortices in the reconstructed field of view means that there is no unique phase
unwrapping, which results in ambiguity of the phase reconstruction and potential artefacts in the
ptycho-tomographic reconstruction. Finally, the values of the reciprocal amplitude roughness of
the diffraction cone, shown in Table 5, were determined as

R =
∑

k

[
(∇kx |Pd |)

2 + (∇ky |Pd |)
2] , (4)

where |Pd | denotes the probe amplitude at the detector plane and ∇kx , ∇ky are directional
gradients. The reciprocal amplitude roughness express the spatial variability of the far-field probe
amplitude and its importance will be discussed in Section 6.

5. Image quality

In order to compare the image quality produced from each FZP, while reducing potentially
limiting factors such as the depth of field [31], we used a spokes test structure lithographically
made from hydrogen silsesquioxane resist (HSQ) and coated with 10 nm layer of iridium using
atomic layer deposition [63]. The exposure time per scan position was reduced down to 10ms
and the field of view of the scan was reduced to 20×20 µm2. The pixel size in the object plane
was limited by the detector extent to 10 nm. Other scan parameters such as the scan step or the
probe diameter were identical to the previous measurements of the catalyst particle. The resulting
imaging dose was 414 photons per object pixel, i.e. 2.9 photons per nm2. The measured datasets
are available in a public repository [61].

The reconstruction was performed with 400 iterations of DM and 400 iterations of LSQ-ML.
Due to the very short exposure time of 10ms, fast vibrations with a period of about 25ms, caused
by the cryogenic cooling system of the X-ray monochromator at the cSAXS beamline, resulted in
quasi-random variations of the illumination probe between subsequent scan positions. Therefore,
we have additionally used LSQ-ML with the orthogonal probe relaxation [21,22]. Two additional
orthogonal probe modes were used to account for variations of the probe wavefront. An example
of the time evolution of the probe reconstruction is shown in Visualization 1. The resulting
relative standard deviation of the far-field intensity of the variable illumination probe was 11%.
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Figures 7(a) and 7(c) show examples of the conventional ptychographic reconstruction and
Figs. 7(b) and 7(d) show the ptychographic reconstruction with the two additional OPR modes.
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Fig. 7. Examples of the Siemens star reconstructions with FZP11 (a,b) and with FZP33
(c,d). Conventional single-probe ptychography reconstructions by the LSQ-ML method are
shown in (a,c) and identical datasets reconstructed by the LSQ-ML method with additional
two orthogonal relaxation modes are shown in (b,d). Insets show in detail the center of
the Siemens star. The illumination probes reconstructed using a single-mode algorithm
for FZP11 and FZP33 are shown in (a1) and (c1), respectively. Sub-images (b1-b3) and
(d1-d3) contain three principal components used to describe temporal evolution of the
illumination probes via the orthogonal probe relaxation [21]. Visualization 1 demonstrates
the reconstructed temporal evolution of probes in (b1-b3,d1-d3) and its corresponding
far-field intensity pattern.

Four ptychographic scans were acquired for each illumination configuration, allowing us to
use six different combinations of two scans to evaluate relative repeatability of the measurement
and reconstruction process using Fourier ring correlation (FRC) between two independent
ptychographic scans. High repeatability and reliability of the reconstruction quality are important
parameters that directly affect the resolution of ptychographic tomography, for which hundreds
of high-resolution artifact-free projections are required.
As shown in Fig. 3, the introduction of wavefront modulation into the FZP spreads the beam

footprint at the sample plane, i.e the region with non-negligible beam intensity, which directly
affects the requirements of far-field sampling. To investigate this, the effect of detector intensity
sampling on the reconstruction quality was evaluated by binning the measured data. This allows
us to compare ptychography reconstructions with a sampling that would be obtained by placing
the detector closer to the sample. Since the focused illumination probes do not have a clearly
defined support, we define the illumination probe diameter as the FWHM of the integral flux
curve in Fig. 3(b), therefore the probe FWHM of Dp=1.65 µm would result for the unbinned
dataset in a linear sampling ratio of Q = Da/Dp = 8.5, where Da denotes the total reconstructed
extent of the probe field of view. Binning reduces the sampling ratio to 4.2 and 2.1 for binning
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2×2 and 4×4 pixels, respectively, which is equivalent to reducing sample to detector distance
from 5.27m to 2.63m and 1.31m. We have selected only 3 FZPs for our analysis: FZP11
as a reference zone plate, FZP22 with a moderate wavefront aberration amplitude and spatial
frequency and finally FZP33 with a strong and highest spatial frequency aberrations resulting in
a more significant portion of the intensity to be located outside of the illumination function as
shown in Fig. 3(a). Results of our resolution tests are presented in Fig. 8, where the intersection
of the average FRC curve with the 1-bit threshold [64] is used to define the resolution.
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Fig. 8. Reconstruction quality comparison for a spokes test sample for different levels of
wavefront modulation and sampling. Plots (a-c) show reconstructions for detector pixels
binning of 1×1, 2×2 and 4×4 pixels respectively.

The reference FZP11 (red line) produces similar results for different sampling, with the highest
resolution of 14.1 nm reached in the 2×2 binned dataset. Compared to the reference FZP11,
the FZPs with wavefront modulation provide significant improvement in the resolution. This is
most significant for the unbinned dataset, where the repeatable resolution was reached down to
the pixel-size limit of 10 nm compared to a resolution of 17.1 nm for the reference optics. For
the 2×2 binning, the resolution of the perturbated optics is just slightly below the pixel limit at
10.3 nm. Finally, in the case of the 4×4 binned dataset, the reconstruction quality dropped for all
the tested FZP as shown in Fig. 8(c). This quality reduction was most significant for the strongly
perturbated FZP33, for which the repeatable resolution was reduced to 28 nm.

6. Discussion

We have demonstrated that the convergence, quantitative accuracy, and accuracy of the recon-
struction low-spatial-frequencies can be improved by introducing well-controlled aberrations
into the illumination focusing lenses, in our case FZPs.
The principle behind this improvement can be understood from the following geometric

argument. Low spatial frequencies in the object corresponding to features with a period larger
than the illumination diameter, can be locally described as a phase-ramp. Since a phase-ramp
in object space results in a shift in reciprocal space, ptychography is tasked with tracking the
movement of the illumination in reciprocal space with deep sub-pixel precision in order to
accurately recover the lowest spatial frequencies of the object. Therefore, improved accuracy
can be reached either by 1) providing measurements with higher signal-to-noise ratio, i.e. higher
dose onto the sample, or 2) by the introduction of high contrast structure into the diffracted cone.
This is similar to the task of the speckle tracking imaging [65] and near-field ptychography [49],
where it has already been shown that the optimal results are obtained when the speckles provide
the maximal visibility [49, 66].

In order to reach improved quantitative accuracy, accurate reconstruction of the lowest spatial
frequencies of the object phase is essential. Since smooth phase gradients result mainly in
displacements of the far-field diffraction cone, ptychographic quantitative accuracy depends on
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sensitivity towards these shifts. The effect of a small reciprocal shift, α, of the illumination probe
amplitude at the detector plane |Pd | along direction kx can be quantified by the amplitude cost
function χ2 [29] as

χ2(α) = lim
α→0

∑
k

[
|Pd |(k) − |Pd |

(
k + α

kx

‖kx ‖

)]2
= α2

∑
k
(∇kx |Pd |)

2 . (5)

Notice that the last term in Eq. (5) is proportional to our definition of the reciprocal space
roughness R in Eq. (4). Assuming the horizontal roughness

∑
k(∇kx |Pd |)

2 and the vertical
roughness

∑
k(∇ky |Pd |)

2 to be comparable, displacement of the far-field amplitude by distance
α from the initial position k will increase the cost function χ2 by value of α2R. Therefore,
the quantitative accuracy of the phase is directly influenced by the Fourier domain amplitude
roughness R. The fact that the reciprocal space roughness R is directly responsible for the
improved low spatial frequency sensitivity can also be seen from the high correlation of 97.7%
between the residual phase errors reported in Table 2 and the inverse relation to the reciprocal
amplitude roughness R. Values of R are reported in Table 5. Due to its direct influence on
the quantitative accuracy in ptychographic tomography, we consider that the main advantage
of the lenses with wavefront modulation is the increased accuracy of the reconstruction of the
low-spatial-frequencies.
Additionally, we observed improved spatial resolution in our reconstructions, which is less

straightforward to explain. As mentioned in Section 5, the increase of the FRC resolution seems
not to be related to the observations in [43–45, 47], where broadening the spectral distribution of
the illumination by enlarging its coverage on the detector resulted in a resolution improvement
given the same photon dose. For the case of lenses with wavefront modulation, the numerical
aperture of the incident beam is not increased, as shown in Fig. 2(b). The observed improvement
in resolution could presumably be caused by a more optimal reconstruction of the low and
middle spatial frequencies, which consequently help the reconstruction algorithms converge
for the highest spatial frequencies. Additional structure in the beam could also make the
optimization-based methods such as maximum-likelihood [29] more robust against stagnation in
local minima, and thus more suited to find a better solution. However, this effect would deserve
further detailed investigation. An additional advantage of the wavefront-modulated lenses is their
ability to partially suppress effects of the variable incident wavefront as it can be seen from the
difference between Figs. 7(a) and 7(c). This is most likely caused by the additional structure in
the propagated probe, as shown in Visualization 1, which is only mildly affected by the variable
illumination probe and thus it better constraints the ptychography reconstruction. This feature of
the wavefront-modulated lenses is advantageous for example when variations of the illumination
probe are caused by motion of the illumination optics [67, 68]. If the beam wavefront upstream
the FZP is not sufficiently smooth, the relative shift of the incident beam with respect to the
FZP will result in changes of the illumination probe in a similar way to the wavefront variations
observed in our measurements.
However, not all properties of the wavefront-modulated FZPs are beneficial. In particular,

strong wavefront modulations may result in significant broadening of the beam waist. This not
only limits applications of strongly wavefront-modulated FZPs for nanoprobe ptychography,
but also leads to less evenly distributed energy of the illumination function shown in Table 4,
which may result in sub-optimal reconstruction quality [44]. Also as shown in Table 3, we have
observed that high-amplitude low-spatial-frequency wavefront modulations present in FZP12
and FZP13 lead more likely to residua in the reconstruction which prevent us to obtain a unique
phase unwrapping [62]. Furthermore, large amplitude wavefront modulations with higher spatial
frequencies lead to an increase of the sampling requirement. Therefore, the choice of the optimal
aberration spatial frequencies should be based on the minimal targeted illumination size.
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7. Conclusion and Outlook

Our study demonstrates the imaging improvements obtained by integration of wavefront modula-
tion into focusing optics for ptychography. Even with low-amplitude wavefront modulations,
we already observe a significant improvement in the phase-retrieval accuracy. We have shown
that the improved accuracy of the phase reconstruction has high correlation of 97.7% with the
reciprocal space amplitude roughness of the wavefront aberration, as summarized in Table 5.
Since the roughness depends on the amplitude and the spatial frequency of the lens perturbations,
an increase of any of these parameters leads to further improvement. However, it also results in
beam waist broadening, more stringent detector intensity sampling requirements, and less uniform
sample illumination function. If the sampling conditions are not satisfied, an wavefront-modulated
FZP can lower the reconstruction quality compared to a conventional one as shown in Fig. 8(c).
The observed deterioration of the reconstruction quality is caused in this case by reduced contrast
of the far-field speckles due to insufficient sampling of measured diffraction patterns. The effect
on the diffraction patterns is equivalent to having lower coherent fraction in the illumination
beam and it can be partially alleviated by reconstructing multiple coherent modes [26], however
such approach comes at the price of signal-to-noise ratio in the reconstruction, increased overlap
in the real-space domain would be required to preserve the reconstruction quality [44, 69].
Finally, we have observed that wavefront-modulated illumination lenses lead to improved

spatial resolution despite the fact that the spatial frequency range of the illumination probe is
almost identical to perturbation-free FZP.
Integration of the wavefront modulation directly into the illumination focusing lens has also

important experimental advantages that make this approach more suitable for high-resolution
X-ray ptychography compared to approaches based on a separated aberration, or diffuser, optical
element placed close to the sample:

1. For cases where a diffuser is placed near the sample, its position stability should be
kept constant below the sought resolution level. This means that for high-resolution
ptychography an active interferometric feedback on this additional element may be needed.

2. The working distance with a diffuser close to the sample plane is determined by its
characteristic scattering power, in order to satisfy the beam diameter constraint at the
sample plane so that the diffraction pattern is measured with adequate sampling. Therefore,
for cases of interest in high-resolution X-ray microscopy the maximal working distance can
be merely in the order of tens of microns. By introducing controlled wavefront aberrations
in the illumination lens we preserve the focal and working distance.

In the next steps, we plan to locally optimize the average amplitude of the deformation vector
field used to modify the FZP zones structure and make it proportional to the local average zone
width. This will result in a more uniform amplitude of the wavefront modulations over the entire
FZP lens which helps to produce a more consistent high-visibility speckle-like pattern over the
entire diffraction cone. This should make it possible to even further improve sensitivity towards
sub-pixel shift of the diffraction cone without significant increase the sampling requirements. Our
FZP deformation approach is fully compatible with the fabrication of the interlaced FZP optics
for increased numerical aperture with high efficiency [70, 71], which will become important
for reaching sub-5 nm resolution. Another application, where the wavefront-modulated lenses
may become essential, are fast ptychographic scanners, where the illumination forming optics is
moved with respect to a structured beam [67]. As we have shown in Fig. 7(c), the additional
structure the far-field intensity significantly helps to mitigate artefacts caused by nonuniform
wavefront structure upstream of the focusing optics.

The applications of optimally designed wavefron aberrations, or modulations, in optics is not
only limited to X-ray ptychography with Fresnel zone plates, which as we have shown, allow to
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accurately control the wavefront modulation through a local displacement of the Fresnel zones
without affecting the diffraction efficiency of the FZP. Custom controlled aberrations can also be
introduced in refractive or reflective X-ray optics using a designed phase plate as that in [42],
both in the X-ray and EUV range.

Our conclusions are valid also for electron beam ptychography [12–14], in which the illumina-
tion wavefront modulation could be created by higher-order multipoles [72, 73], micromachined
einzel lenses [74], or similarly to the presented example for X-ray, the custom aberrations can be
designed into focusing optics fabricated by focused ion beam [75,76].

The idea of an optimally aberrated optics can be also used improve the convergence of Fourier
ptychography [77, 78], in which the perturbations can be directly manufactured into the imaging
lens, or a liquid crystal or injection molded plastic lenses can be used to introduce weak and
well-controlled aberrations into the embedded pupil function.
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