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Abstract

Ptychography implemented with coherent high-harmonic (HHG) sources enables high-
resolution, high-fidelity imaging of nanostructures and biosystems. However, when driven
by mid-infrared lasers to generate light at higher photon energies, HHG inherently produces
a broadband quasi-continuum, which is less suited for coherent imaging compared with
a single harmonic order. Consequently, experiments typically select a narrow bandwidth
of ~1%, leaving most of the HHG photons unused, increasing exposure times. In this
work, we demonstrate broadband ptychography utilizing an extreme UV (EUV) continuum
centered at 92 eV, with a bandwidth of up to 7.9 eV (a relative bandwidth of ~9%). By
focusing the HHG beam to a sub-micrometer spot size to relax the temporal coherence
constraints, and utilizing a multi-wavelength ptychographic reconstruction algorithm, we
achieve a spatial resolution of 42 nm, which is near the diffraction limit of ~30 nm for
our setup. To the best of our knowledge, this represents the broadest spectral bandwidth
successfully employed to date for EUV ptychography, with the potential to increase the
usable photon flux by up to an order of magnitude relative to previous approaches. In the
future, broadband soft X-ray ptychography can be used to image hydrated samples around
the carbon K-edge and magnetic textures at the L-edges of transition metals.

Keywords: ptychography; coherent diffractive imaging; EUV imaging; high
harmonic generation

1. Introduction

Advances in ultrafast laser technology catalyzed the development of high-coherence,
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Ptychography is a powerful, scanning-based variant of CDI that enables the study
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as the probe, scans the object, recording diffraction patterns at overlapping positions.
Each position mixes the scattered phase and amplitude differently, allowing for robust
and reliable reconstruction of both the object’s complex-valued transmission function and
the probe’s complex field. Combining compact HHG sources with ptychography thus
enables high-resolution, lab-scale imaging in both reflection and transmission in the EUV
and soft X-ray regimes [15,16]. Recent demonstrations of sub-wavelength imaging at
13.5 nm [17] and sub-20 nm half-pitch resolution [18] highlight the potential of this
technique for a wide array of applications, including the study of microbiological
specimens [19,20] and high-resolution imaging with ultrafast temporal resolution [21].
Furthermore, EUV ptychography in a reflection geometry [22,23] provides access to
key sample properties such as surface topography, roughness, and material composi-
tion [15,24], making it a promising approach for the characterization of critical lithography
components [25-28] and surfaces [29].

Despite this progress, to date, HHG CDI has been restricted to the EUV range, as
soft X-ray HHG sources are not as bright as in the EUV, due primarily to the lower level
of performance and maturity of the ultrafast mid-infrared lasers required to generate
soft X-ray HHG. Nevertheless, this spectral region is promising for applications such as
imaging biological samples in aqueous environments (below or within the water window,
which spans from 280 eV to 530 eV) [30,31] and investigating magnetic materials at the
L-edges of transition metals (e.g., iron at 700 eV) [32-34]. HHG radiation is inherently
broadband, typically manifesting either as a series of discrete odd harmonics of the driving
laser (a comb-like spectrum) or as a broad supercontinuum. Phase-matched, optimally
bright soft X-ray HHG requires the use of few-cycle duration mid-infrared (IR) lasers,
with the resulting HHG spectra exhibiting a continuous spectral distribution [35,36] for
two reasons. First, the long driving wavelengths required to reach these photon energies
result in narrower spacing between adjacent harmonics. Second, the short phase-matching
temporal window reduces the bright emission to a small number of (or a single) broadband
attosecond-duration bursts, merging the individual harmonic peaks into a continuum that
can span multiple octaves [4]. This inherent bandwidth poses a significant challenge to the
temporal coherence (i.e., bandwidth) requirements of ptychography [37].

Specifically, broadband radiation induces radial blurring of the diffraction patterns, as
the optical path difference between two interfering rays at the detector must not exceed
the temporal coherence length of the source. Consequently, high spatial frequencies,
corresponding to larger diffraction angles, experience more pronounced blurring than
low spatial frequencies. To account for this effect, a theoretical limit for the achievable
spatial resolution, Ar, can be formulated as a function of the spectral bandwidth and the
beam size [37]:
where AA/A denotes the relative bandwidth, and D represents the beam diameter. The
parameter o is not present in the original equation [37]: we have included it here to
relax this equation, as previous observations suggest the original formulation is overly
restrictive [38]. The parameter o characterizes the proportional relationship between the
relative bandwidth and the ratio of spatial resolution to beam size. Higher values of
o signify that high-resolution ptychographic reconstructions remain viable even in the
presence of significant spectral bandwidth. Notably, « is not a universal constant; it is
sensitive to specific experimental conditions, most notably the wavefront of the probe [39].
Defining the beam diameter D is challenging for aberrated or intentionally structured EUV
beams. Consequently, we employ the D4o value, as it accounts for the majority of the
beam’s energy and provides a standardized metric that avoids the use of arbitrary intensity
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thresholds. Further details regarding the calculation of the D4c value are provided in the
Supplementary Materials.

Due to the stringent temporal coherence requirements of ptychography, standard
HHG-based setups typically employ multilayer (ML) mirrors to isolate a single harmonic
or a narrow bandwidth. With a bandwidth of approximately 1%, this leaves the majority
of the HHG photon flux unused. Consequently, developing strategies to utilize a larger
portion of the HHG spectrum is highly desirable to increase the usable photon flux. This
is particularly critical for the soft X-ray region, where HHG sources generally exhibit
lower brightness compared to their EUV counterparts due to energy and/or repetition
rate limitations of available mid-infrared drive lasers. Promising solutions include the
implementation of advanced reconstruction algorithms that incorporate broadband spec-
tra [40—43], numerical monochromatization of the diffraction patterns [44,45], or advanced
experimental realizations [46-48]. While previous broadband ptychography experiments
have successfully utilized comb-like HHG spectra to achieve quantitative reconstructions
of both the probe and the object [49,50], these studies have primarily focused on recovering
the spectrum of the illuminating beam [51-53]. In contrast to coherent diffractive imaging
modalities that demand narrow bandwidths, EUV and soft X-ray coherence tomography
thrives on broadband HHG radiation [54-56], enabling nanometer-scale axial resolution.
To date, however, its lateral resolution remains largely limited to the micrometer scale.

Here, we demonstrate broadband ptychography using an EUV continuum with a
bandwidth of up to 9%, achieving a half-pitch resolution of 42 nm, which is near the
diffraction limit of ~30 nm for our setup. To the best of our knowledge, this represents the
broadest EUV continuum used in ptychography to date. Furthermore, the spatial resolution
shows no significant degradation compared to measurements taken at 3% bandwidth.

This advancement was facilitated by strongly focusing the EUV beam to a sub-
micrometer spot (820 nm x 760 nm, FWHM) using an ellipsoidal mirror. The use of
a 9% relative bandwidth significantly increases the usable flux compared to state-of-the-art
HHG-based ptychography systems, which typically operate with bandwidths of approxi-
mately 1% [17,18]. Ultimately, our findings can help enable high-resolution imaging in the
soft X-ray range, where HHG sources naturally emerge as a broadband continuum.

2. Broadband Ptychography Setup
2.1. Experimental Setup

The HHG source employed in this work follows a configuration previously described
in [35] and is illustrated in Figure 1a. Briefly, an Optical Parametric Chirped-Pulse Am-
plifier (OPCPA) delivers <100 fs pulses at a central wavelength of 1.58 um, with a pulse
energy >2 mJ at a 1 kHz repetition rate. For this study, an infrared pulse energy of
1.6 m] is coupled into a simple capillary waveguide with a 150 pm inner diameter and a
length of 21 mm, filled with 0.8 bar of argon from a single inlet hole 4 mm from the back
side. Downstream from the waveguide, an in-vacuum iris is used to eliminate unwanted
scattered EUV light, which is present due to the non-ideal phase matching that occurs
in a pressure gradient. We note that this is not present for 13.5 nm HHG driven in a full
phase-matched geometry, using shorter ~30 fs driving laser pulses [17,57]. The residual
IR laser beam is blocked using two 100 nm thick zirconium filters and a single 200 nm
zirconium filter. The resulting spectrum, shown in Figure 1b, consists of a broad EUV
continuum spanning from approximately 70 eV to 110 eV.

To select specific energy windows from the continuum, two different EUV ML mirrors
(NTT-AT) were used: a narrowband (3.2 eV FWHM, ~40% peak reflectivity, MoSi, /Si
ML coating, Figure 1b) and a broadband (9.0 eV FWHM, ~50% peak reflectivity, Mo/Si
ML coating, Figure 1c). Both mirrors are designed for a 45° incidence angle at a central
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wavelength of 13.5 nm (92 eV). The beam is reflected at this angle toward an ellipsoidal
mirror. The multiplication of the HHG spectrum and the ML-mirror reflectivity results in
effective FWHM bandwidths of 2.8 eV and 7.9 eV on the sample for the narrowband and
broadband mirrors, respectively, corresponding to relative bandwidths of 3% and 9%. It is
worth noting that both bandwidths of 3% and 9% exceed those typically employed in EUV
ptychography. Consequently, spectral bandwidth effects are expected to manifest in the
reconstructions for both cases.
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Figure 1. (a) Schematic layout of the EUV ptychography setup. An EUV beam (purple) is generated
by high-order harmonic generation in a gas-filled waveguide. Subsequently, the EUV radiation is
isolated from the driving IR beam using Zr filters. An ML mirror selects either a narrowband or
broadband window from the EUV continuum. An ellipsoidal mirror images the source plane onto
the sample. The resulting diffraction patterns are captured by an in-vacuum CCD positioned 60 mm
downstream of the sample. (b) Measured HHG continuum spectrum plotted alongside the reflectivity
curves of the two available ML reflectivities with 3.2 eV FWHM and 9.0 eV FWHM bandwidth. As
indicated by the arrows, the reflectivity of the ML mirrors is plotted on the right y-axis, while the
spectral intensity of the HHG spectrum is shown on the left y-axis. (c) Resultant spectra incident
on the sample, calculated by the product of the raw HHG spectrum and the respective ML mirror
reflectivities. (d) SEM (scanning electron microscopy) of the sample, which consists of a miniaturized
USAF1951 target.

The ellipsoidal mirror images the source plane, located at the waveguide exit, onto
the sample (USAF1951 resolution test chart, Figure 1d) and is positioned 1.5 m behind the
waveguide (object arm) and 67.5 mm in front of the sample (image arm). This configuration
yields a demagnification factor of 22 x, enabling a sub-micrometer focal spot size on the
sample. This small spot size is a critical component of the experiment, as indicated by
Equation (1), because it mitigates the effects of temporal incoherence, allowing for increased
bandwidth without compromising spatial resolution. Furthermore, the high-illumination
NA is beneficial for ptychographic reconstructions [58]. Minor misalignments, which are
often unavoidable, as well as surface imperfections of the ellipsoidal mirror, introduce
aberrations that result in a structured illumination probe; such a structure, in combination
with the high illumination NA, is known to improve the convergence of reconstruction
algorithms [59-62].

The sample used in this study is a USAF1951 target (Applied Nanotools, Edmonton,
AB, Canada) with a minimum nominal half-pitch feature size of 35 nm. Diffraction patterns

https:/ /doi.org/10.3390/photonics13060593


https://doi.org/10.3390/photonics13060593

Photonics 2026, 13, 593

50f 15

are collected by an in-vacuum CCD (Princeton Instruments MTE2, Waterloo, ON, Canada)
camera positioned 60 mm behind the sample, providing a detector NA of 0.22 and a
theoretical diffraction-limited half-pitch resolution of 30 nm.

2.2. Ptychography Reconstructions

To reconstruct both the narrowband and broadband diffraction patterns, we employ a
single-wavelength (SW) and a multi-wavelength (MW) approach. The SW reconstructions
are performed using the mPIE algorithm [63] with six mixed-state modes [64]. The use of
multiple modes is necessitated by the excitation of several EUV modes within the waveg-
uide resulting from HHG within a pressure gradient, as is the case here. Further details
on the reconstructed mixed-state modes can be found in the Supplementary Materials. In
addition, a multi-wavelength (MW) algorithm is utilized [41]. This approach assumes the
object to be non-dispersive over the investigated bandwidth, a valid assumption in the
EUYV regime for the spectral ranges considered here, provided they remain sufficiently
far from absorption edges. For the MW reconstructions using the 3% bandwidth spec-
trum, the spectrum is numerically sampled at five discrete wavelengths ranging from
13.2 nm to 13.8 nm. Similarly, the 9% bandwidth reconstructions utilize five sampling
wavelengths ranging from 12.6 nm to 14.4 nm. Analogous to the SW reconstructions, six
mixed-state modes are assigned to each wavelength.

While the results presented here were obtained using the Python implementation of
the PtyLab framework [65], comparative reconstructions were also performed using Ms.
Pacman [42], a multispectral algorithm based on the difference map [66] and maximum-
likelihood [67] algorithms. Both frameworks yield comparable results, confirming the
robustness of the reconstruction.

3. Broadband EUV Ptychography
3.1. Reconstructions with 3% Bandwidth

To investigate the influence of spectral bandwidth on ptychography, high-resolution
measurements are conducted for both the narrow-band (3% bandwidth) and broadband
(9% bandwidth) spectra. Figure 2 summarizes the reconstructions obtained using a narrow-
band mirror (2.8 eV FWHM bandwidth at the sample). The sample is positioned in the focal
plane of the ellipsoidal mirror; the resulting SW reconstructions are shown in Figure 2a,b.
Details on the measurement settings are given in Table S1 of the Supplementary Materials.
Features with a 50 nm half-pitch (Group 3, Element 3; Figure 2b) are clearly resolved. The
resolution is estimated using the Fourier ring correction (FRC) [68]. For this purpose, a
second ptychography measurement with identical settings is carried out. The resulting
FRC suggests a half-pitch resolution of 46 nm (Figure 2f). However, some features, such as
the digit “3,” appear smeared.

In contrast, the MW reconstruction, shown in Figure 2c,d, demonstrates signifi-
cantly improved image quality. It resolves features down to a 40 nm half-pitch (Group 3,
Element 5; Figure 2d), consistent with the FRC-calculated resolution of 36 nm, which
is near the diffraction limit of 30 nm. The reconstructed probe intensity is shown
in Figure 2e, representing the incoherent sum of the mixed-state modes at the central
wavelength (13.5 nm). The probe measures 1.5 um x 1.0 pm (FWHM) and exhibits slight
aberrations, resulting in various fine structures. In both reconstructions (Figure 2b,d),
a distinct phase shift is observed at the center of the USAF target. This is attributed to
carbon contamination resulting from a high-resolution scanning electron microscopy (SEM)
measurement performed prior to the EUV experiments and is consistently observed in all
reconstructed images.
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Figure 2. Ptychography reconstructions of the USAF1951 target using 3% bandwidth spectrum at
92 eV. (a) Reconstruction obtained using the SW algorithm. (b) Magnified view of the region indicated
in (a). (c) Reconstruction utilizing the MW algorithm. (d) Magnified view of the region indicated in (c),
highlighting the improvement in image contrast and detail. (e) Incoherent sum of the reconstructed
mixed-state modes for the central wavelength probe, corresponding to the MW reconstruction in (c).
(f) Fourier Ring Correlation (FRC) curves for the SW and MW reconstructions; the half-bit criterion
indicates a half-pitch resolution of 46 nm for the SW approach and an improved resolution of 36 nm
for the MW algorithm. The brightness and hue of (a-d) encode modulus and phase, respectively.

3.2. Reconstructions with 9% Bandwidth

Figure 3 presents the reconstructions obtained using the broadband spectrum
(7.9 eV FWHM bandwidth on the sample). Despite the 2.8-fold increase in spectral
bandwidth, the SW reconstruction achieves a half-pitch resolution of 46 nm (deter-
mined via FRC), which agrees well with the visually resolved 50 nm features (Group 3,
Element 3; Figure 3b). Moreover, by employing the MW algorithm, the resolution improves
to 42 nm. The resulting reconstructions (Figure 3b,d) exhibit significantly enhanced image
quality, as evidenced by the clearly resolved digit ‘3’. Furthermore, structures with a 44 nm
half-pitch (Group 3, Element 4; Figure 3d) are successfully resolved, which is consistent
with the FRC-based resolution estimate. The reconstructed probe intensity, representing the
incoherent sum of the mixed-state modes at the central wavelength (13.5 nm) of the MW
reconstruction, is shown in Figure 3f. Notably, in contrast to the narrowband measurements
of Figure 2, here the sample was placed slightly out of focus, resulting in a beam diameter
of 1.1 um x 0.8 pm (FWHM). Numerically propagating the probe 50 pum to the focal plane
reveals a focal spot of 760 nm x 820 nm (FWHM), demonstrating the excellent focusing and
alignment of the ellipsoidal mirror and HHG source. We note that the focal spot achieved
with the narrowband mirror is substantially larger than for the broadband mirror, due to
better alignment of the ellipsoidal mirror in the latter case.
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Figure 3. Ptychography reconstructions of the USAF1951 target using the broadband spectrum.
(a) Reconstruction obtained using the SW algorithm. (b) Magnified view of the region indicated
in (a). (c) Reconstruction utilizing the MW algorithm. (d) Magnified view of the region indicated in (c).
(e) Fourier ring correlation for the SW and MW reconstructions; the half-bit criterion indicates a
half-pitch resolution of 46 nm for the SW reconstruction and 42 nm for the MW reconstruction.
(f) Incoherent sum of the reconstructed mixed-state modes for the central wavelength probe, cor-
responding to the MW reconstruction in (c). (g) EUV beam from f propagated 50 um towards the
detector, yielding 820 nm x 760 nm spot size.

4. Influence of Beam Size
4.1. Beam Size Scan Using the 3% BW Spectrum

According to Equation (1), the achievable spatial resolution for a given bandwidth
depends directly on the illuminating beam size. To investigate this relationship, we conduct
systematic measurements evaluating the influence of beam size on resolution. These results
confirm that a small beam is essential for maintaining high resolution in ptychography
when using broadband radiation.

Measurements are performed for both available bandwidths by positioning the sample
at various z-positions along the EUV beam path: at the focal plane and at distances of
300 pm and 450 um downstream (see Figure 4a). Detailed measurement parameters are
provided in Supplementary Materials. To characterize the beam size at these positions, we
utilize the D4o (second-moment) diameter. This metric was chosen because the FWHM
proved unsuitable due to the significant aberrations present in the defocused beam profiles.
Further details on the D4c calculation are available in the Supplementary Materials.

The results obtained with the narrowband mirror are shown in Figure 4. At each
position, diffraction patterns were reconstructed using both the SW and MW algorithms.
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The D4o value, averaged over both transverse axes, was 5.4 um at the focal plane (Figure 4b),
increasing to 9.8 um at a defocus of 450 pm (Figure 4;).
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Figure 4. Beam size scan using a 2.8 eV bandwidth EUV beam. (a) Schematic of the beam size
scan, illustrating sample placement at various defocused positions. (b—e) EUV beam profile, SW
reconstruction, MW reconstruction, and FRC at the focal plane (z = 0). (f-i) Corresponding data for
the sample placed 300 um behind the focal plane. (j-m) Corresponding data for the sample placed
450 um behind the focal plane.

As predicted by Equation (1), increasing the beam size degrades the resolutions to
83 nm and 62 nm for the SW and MW reconstructions, respectively. To quantify this
degradation, we determine the half-pitch resolution for all positions using the FRC. For the
SW algorithm, the resolution worsened from 48 nm at the focus (Figure 4c) to 83 nm at the
450 um defocus position (Figure 4k). While the MW algorithm provides a superior overall
resolution, it exhibits a similar performance decay with increasing beam size, reaching
62 nm resolution at the furthest position (Figure 41). These findings indicate that while
the MW algorithm mitigates broadband effects, it cannot fully compensate for them as the
beam size increases. This is consistent with previous observations [41].

4.2. Beamsize Scan Using the 9% BW Spectrum

Similar trends are observed in the measurements conducted with the broadband
mirror, and the resulting reconstructions and FRC curves are presented in Figure 5. Due
to the necessary readjustment of the ellipsoidal mirror during the exchange of the ML
mirrors, a superior alignment was achieved, resulting in a reduced focal D4c spot size of
4.8 pm. Three measurements are taken at slightly different positions within the caustic.
Due to the adjusted alignment of the ellipsoidal mirror, ptychography measurements
are recorded roughly in the focal plane and at distances of 150 um (Figure 5f-i) and
300 pm (Figure 5j—m) behind the focus, which result in significantly larger EUV beams.

https://doi.org/10.3390 / photonics13060593


https://doi.org/10.3390/photonics13060593

Photonics 2026, 13, 593

9of 15

These profiles exhibit distinct aberrations compared to the narrowband beam, resulting
in different intensity distributions. As observed previously, the spatial resolution for the
defocused beams degrades, ranging from 46 nm to 165 nm for the SW algorithm and from
42 nm to 67 nm for the MW algorithm.

Sample
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Figure 5. Beam size scan using a 7.9 eV bandwidth EUV beam. (a) Schematic of the beam size
scan, illustrating sample placement at various defocused positions. (b—e) EUV beam profile, SW
reconstruction, MW reconstruction, and FRC at the focal plane (z = 0). (f-i) Corresponding data for
the sample placed 150 um behind the focal plane. (j-m) Corresponding data for the sample placed
300 um behind the focal plane.

Notably, when the sample is positioned 300 pm behind the focal plane, the D4o spot
size increases to 10.6 pum. In this case, the resolution of the SW reconstruction drops
below 150 nm, suggesting convergence instabilities within the algorithm under these
high-bandwidth conditions. In contrast, the MW algorithm remains robust, maintain-
ing a resolution of 67 nm and showing an overall better image quality compared to the
SW reconstruction.

4.3. Systematic Evaluation of the Beam Size Scans

The measurement results for both the narrowband and broadband scenarios are
summarized in Figure 6a,b. In Figure 6a, the spatial resolution is plotted against the beam
size, revealing a clear trend: the spatial resolution degrades as the beam size increases. To
further quantify these effects, Figure 6b displays the x-parameter as a function of beam size.
Introduced in Equation (1), this parameter serves as the proportionality factor between the
relative bandwidth and the ratio of spatial resolution to beam size. It can be expressed by
rearranging the original expression as follows:

A Ar

“=M'D @)
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Figure 6. (a) Summary of spatial resolution as a function of beam size, evaluated from the measure-
ments presented in Figures 4 and 5. (b) Calculated « values for these measurements, demonstrating
that the 9% bandwidth yields significantly larger a values than the 3% bandwidth.

In this context, high « values indicate that high-resolution ptychographic reconstruc-
tions can be achieved even when using a spectrum with a large bandwidth. Conversely,
low o values suggest that even narrow bandwidths lead to a substantial loss in spatial
resolution. Given that the relative bandwidths (3% and 9%), beam sizes, and achieved reso-
lutions are known for all measurements in Figures 4 and 5, the corresponding « values are
calculated. These values, based on the spatial resolution and reconstructed beam diameters,
are plotted for various experimental scenarios in Figure 6b. This analysis yields several key
insights into the behavior of the reconstruction process.

First, the « value can be improved for every scenario investigated by employing the
MW algorithm.

Second, for a given bandwidth, the « value remains approximately independent of
the beam size. This implies that the resolution scales linearly with the beam size, such that
increasing the latter by a specific factor results in a proportional degradation of the former.
For instance, reconstructions using the narrowband spectrum in conjunction with the SW
algorithm yield an « value of approximately 4. An exception to this trend is observed in
the SW reconstructions of diffraction patterns using the broadband spectrum, as shown
in Figure 5k), where the excessive bandwidth causes issues with algorithmic convergence.

Third, the data indicates that the « value is inherently dependent on the bandwidth.
While the resolution degrades when using the broadband spectrum compared to the
narrowband reconstructions, as seen in Figure 5a, this degradation does not occur in the
same proportion as the increase in spectral bandwidth. Consequently, it can be concluded
that the proportionality factor in ptychography is not a fixed constant but is instead
dependent on the specific bandwidth employed, i.e., = x(AA). These results suggest that
ptychography is significantly more robust against temporal incoherence than previous
theoretical predictions [37] have suggested, an observation that stands in good agreement
with recent experimental findings [38,39].

5. Discussion

In this work, we demonstrate EUV ptychography using relative bandwidths of 3% and
9%, achieving spatial resolutions of 36 nm and 42 nm, respectively. Notably, the broadband
ML mirror increases the usable photon flux by a factor of approximately 2.5. This allows
for a corresponding 2.5-fold reduction in exposure time while maintaining nearly identical
image quality. These high-resolution results are facilitated by the precise alignment of
the ellipsoidal mirror, which minimizes the focal spot size. Utilizing ptychography as a
diagnostic tool, we characterized the EUV focus and demonstrated a sub-micrometer spot
size down to 760 nm x 820 nm (FWHM). Furthermore, the implementation of a multi-
wavelength (MW) algorithm significantly enhanced image quality by effectively accounting
for temporal decoherence effects.
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Subsequently, we present a systematic study of spatial resolution as a function of
beam size. Our findings indicate that ptychography is considerably more robust against
temporal incoherence than predicted by the classical coherence limit [37], which is in good
agreement with previous observations [38,39]. To account for this behavior, we introduce
a new parameter, the x-value, into Equation (1). Our investigations reveal that while
this parameter is independent of the beam size, it exhibits a distinct dependence on the
spectral bandwidth.

We anticipate that these results will directly influence the design of future ptycho-
graphic experiments. While traditional setups typically restrict the relative bandwidth to
approximately 1% [17,18], we demonstrate the feasibility of operating with bandwidths up
to 9%. This allows for a far more efficient utilization of the broad spectra provided by HHG
sources. This approach is particularly promising for the soft X-ray regime, where HHG
spectra usually exhibit a continuum rather than discrete harmonics. It should be noted
that EUV and soft X-ray ML mirrors inherently face a trade-off between peak reflectivity
and bandwidth. Typically, broadening a mirror’s bandwidth reduces its peak reflectivity,
yielding no significant net gain in usable photon flux. Nevertheless, operating at more
grazing incidence angles can circumvent this restriction, as ML mirrors at these angles
naturally exhibit both higher peak reflectivity and broader bandwidth compared to normal
incidence ML mirrors.

Finally, we demonstrate high-resolution ptychography with a bandwidth of 7.9 eV,
which, to the best of our knowledge, represents the largest bandwidth ever employed
in EUV ptychography. The bandwidth employed in this study corresponds to a Fourier-
limited pulse duration of 230 as, highlighting the potential of this technique for future
attosecond imaging experiments [69,70]. Other prospective applications include combining
ptychography with depth-resolved techniques, which benefit from broadband radiation,
such as optical coherence tomography [56,71].

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 / photonics13060593/s1, Supplementary S1: Table S1: Sum-
mary of measurement parameters; Figure S1. Reconstructed illumination for 7.9 eV BW scan with
sample placed 150 pm behind focus. (a) Six partial coherent mixed state modes for each wavelength
used in the reconstruction. Each mode is zoomed by a factor of two. (b) Propagated intensity of each
mode to the far field, using the Two-Step Fresnel method to fix detector-plane sampling based on the
central wavelength. Each far field spot is normalized to the same total power; and Figure S2. (a) PIE-
based reconstruction of the 9% BW data (from Figure 3) using PtyLab. (b) Equivalent reconstruction
using the difference map-based Ms. PaCMAN algorithm for comparison.
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