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Abstract: We report the demonstration of single-frame randomized probe imaging (RPI) using

a 13.5 nm extreme ultraviolet (EUV) beam from a table-top high-harmonic generation (HHG)

source. Three types of beams—a smooth, vortex, and speckle beam—were used to investigate

the effect of different illuminations on image quality. Single-frame RPI reconstructions were

successfully achieved for all beam types, with the highest resolution of 110 nm obtained using

the EUV speckle beam. Comparisons with ptychography reconstructions confirm the advantages

of structured illuminations over a smooth beam, showing improved convergence and image

fidelity. Furthermore, averaging a small number of RPI images reconstructed from individual

diffraction patterns significantly improves the resolution to sub-100 nm. These results demonstrate

the capability of single-frame RPI to deliver rapid, high-resolution EUV imaging, offering a

promising approach for applications limited by acquisition time, such as ultrafast pump-probe

studies and real-time feedback.
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1. Introduction

Imaging in the extreme ultraviolet (EUV) and soft X-ray regimes offers a wide range of advantages.

Their short wavelengths allow for high-resolution imaging on the nanometer scale [1–3]. Moreover,

nearly every element exhibits absorption edges in this spectral range, making it ideal for acquiring

material-specific information about samples [4]. This spectral range also provides access to

several transmission windows [5], enabling the investigation of micrometer-thick samples. In

practice, however, the resolution achievable in conventional EUV and X-ray microscopes is not

limited by the wavelength, but rather by the technological feasibility of the optics.

To overcome this limitation, modern computational imaging techniques have been developed

and applied from the visible down to the X-ray region in the past decades [3,6,7]. Collectively

known as lensless imaging modalities, these approaches eliminate the need for imaging lenses

altogether. Instead, a coherently illuminated object produces a diffraction pattern, which is then

computationally reconstructed using phase retrieval algorithms to recover the image [8,9]. So

far, lensless imaging experiments have primarily been conducted at synchrotrons [10,11] and

free-electron lasers [10,12–14] due to their high brilliance, which has enabled groundbreaking

discoveries in fields such as nanotechnology [15–17], biology [17–19], and materials science

[17,20].
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Recently, however, femtosecond lasers have undergone rapid development, enabling compact,

coherent EUV and soft X-ray sources based on high-harmonic generation (HHG) [21]. These

sources can cover a spectral range extending into the X-ray region [22–26] and offer brightness

in the long-wavelength EUV range [27,28] that was previously available only at state-of-the-

art synchrotron facilities. Combining such coherent sources with modern lensless imaging

techniques now allows for laboratory-scale imaging experiments that were previously exclusive to

synchrotron facilities [29,30]. Furthermore, HHG inherently produces ultrafast pulse trains with

durations down to the attosecond range [31,32]. This enables not only high spatial resolution

but also exceptionally high temporal resolution [33], which has been extensively exploited in

pump-probe spectroscopy to gain unique insights into electron dynamics of atoms [31,34–36],

molecules [37–39], and solids [40–44]. The combination of ultrafast HHG sources with modern

lensless imaging modalities thus promises simultaneous nanoscale spatial resolution and temporal

resolution in the femto- to attosecond range [45].

In recent years, three methods have become prominent for lensless imaging using HHG

sources: classical coherent diffractive imaging (CDI) [8,9,46,47], mask-based Fourier transform

holography (FTH) [48–50], and ptychography [51–53]. Both CDI and FTH are limited to

isolated samples and require sophisticated sample preparation. In contrast, ptychography allows

for the investigation of arbitrarily extended samples. However, ptychography is a scanning

microscopy technique that poses challenges for pump-probe measurements. The requirement to

scan both the illumination across the sample and the time delay considerably increases the overall

acquisition time. Therefore, a methodology for ultrafast imaging experiments is desirable, one

that enables arbitrary samples to be captured in a single frame without scanning. A promising

approach in this context is randomized probe imaging (RPI) [54], which is a form of coherent

modulation imaging [55,56]. Briefly, in RPI, the illumination function is first characterized using

ptychography. The object is then reconstructed from a single diffraction pattern using an iterative

phase retrieval algorithm that incorporates the pre-characterized illumination function and a

band-limited constraint.

In this work, we demonstrate single-frame RPI for the first time using a table-top HHG source

at 13.5 nm wavelength. We investigate the influence of illumination shape and angular spectrum

on image quality in RPI. Our findings indicate that highly structured illumination significantly

enhances the image quality. Under optimized illumination conditions, we achieve a spatial

resolution down to 110 nm from a single diffraction pattern. Averaging multiple images further

leads to substantial improvements in resolution and overall image clarity. Importantly, RPI is

highly robust and enables quantitative object transmission function reconstruction rather than

merely retrieving the exit surface wave. It also features a straightforward experimental geometry,

requires no reference hole, and is, like ptychography, applicable to arbitrary samples without an

isolation constraint, and potentially to reflection imaging. This advancement paves the way for

high-resolution, ultrafast pump-probe studies of solid-state samples, as well as real-time image

reconstructions in ptychography experiments.

2. Methodology

Figure 1 (a) depicts the experimental setup used for both EUV ptychography and single-frame RPI

in this work. The spatially coherent HHG source used for the imaging is driven by a few-cycle

femtosecond laser (<10 fs) with a central wavelength of 1030 nm and a pulse energy of 0.4 mJ,

provided by a Yb-doped fiber laser system combined with two nonlinear compression stages.

This source features a broadband EUV continuum extending up to 100 eV and achieves a photon

flux of 7× 109 (s · eV)−1 at 13.5 nm (92 eV) [57]. It exhibits excellent power stability of better

than 1% root mean square (rms) and beam pointing stability of 1 µrad rms over the duration

of the experiments, indicating high probe beam stability, which is crucial for the performed

imaging measurements. The HHG-EUV beam illuminating the target sample has a central
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modulus and phase, as well as the probe (illuminating beam) and a constant background (e.g.,

due to stray light or dark current), can be retrieved (Fig. 1 (b)). These probe and background data

obtained from ptychography were then provided to an RPI algorithm [54], which can reconstruct

the modulus and phase image from a single diffraction pattern selected from the scan (Fig. 1

(c)). In essence, the RPI algorithm operates by imposing a band-limited constraint on the object

within the automatic differentiation-based ptychography framework using the forward model,

enabling a unique solution to the phase retrieval problem even with just a single diffraction

pattern. Firstly, the randomized probe, also known as the band-limited random illumination,

introduces high-frequency phase structures on the wavefield P(x,y). Secondly, a band-limiting

constraint is applied to the object transmission function O(x,y) during reconstruction. Specifically,

O(x,y) is restricted to a maximum spatial frequency k0 that is significantly lower than the highest

frequency contained in the probe, kp. As a consequence, when k0 ≪ kp, the diffraction pattern

occupies a substantially larger region of Fourier space than the object itself. This ensures

that the final diffraction pattern can easily contain more spatial modes than the independent

degrees of freedom in a band-limited object, analogous to oversampling, thereby leading to

a well-posed inverse problem in the space of band-limited objects. Together, these explicit

constraints provide sufficient information to uniquely solve the phase retrieval problem from a

single diffraction pattern, without requiring a finite support or multiple diffraction patterns. In

short, the forward model up-samples the low-resolution unknown object (via zero-padding in

Fourier space), multiplies it by the known high-resolution probe, Fourier transforms the resulting

exit wave, and propagates it to the detector. Reconstruction begins with an initial guess of the

object, and the error between the measured and the simulated diffraction patterns is calculated.

The Wirtinger derivative of this diffraction loss with respect to the object is then used to update

the object via the Adam optimization algorithm [64] in order to minimize the loss, and the process

is repeated iteratively until convergence. Further details of the RPI reconstruction method can be

found in Ref. [54].

The RPI reconstruction was applied to each individual diffraction pattern within the ptychogra-

phy scan, resulting in 200 individually reconstructed object images differing by the position of the

illumination source on the sample (see Visualization 1, Visualization 2, and Visualization 3 for

the pinhole, spiral, and EUV diffuser masks, respectively). A single RPI reconstruction typically

took about 0.5–1 min on the same workstation. Moreover, we can average the RPI-reconstructed

images from multiple individual diffraction patterns to improve the signal-to-noise ratio (SNR)

relative to a single reconstruction (Fig. 1 (c)). Subsets of these images were then spatially aligned

using the position data of the scan and averaged to improve the SNR. Note that the significant

variations of the probe’s intensity distribution, which are inherent to structured illumination,

manifest as corresponding variations in the SNR over the RPI-reconstructed image. It is therefore

beneficial to displace the sample slightly (within the probe size) for averaging RPI reconstructions,

which is naturally the case for the ptychographic scan data used in this work, because it results

in a more uniform SNR and removes low-SNR gaps in the image. In addition, each image

was weighted by the probe’s intensity distribution during the averaging in order to reduce the

contribution of low-SNR regions. This postprocessing significantly improves the image resolution

even when averaging only a few images. These results are presented in Section 5. Our first

demonstration of single-frame image reconstruction using a table-top HHG-EUV source by

applying the RPI algorithm, along with the corresponding ptychographic image of the sample

obtained with the diffuser mask, is shown on the right side of Fig. 1 (a) and in Fig. 3 (b).

3. Impact of illumination on randomized probe imaging

First, the impact of the different illuminating beams on the single-frame RPI reconstruction

without image averaging was investigated. To enable a comparative study, the number of incident

photons on the sample was maintained at a fixed value of 8× 104 photons for each illumination
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type by adjusting the exposure time to 0.10 s, 0.16 s, and 0.60 s for the pinhole, spiral, and

EUV diffuser masks, respectively, in order to compensate for their different relative transmission

efficiencies [59]. The reconstructed probes and objects as well as the objects’ resolutions from

both the ptychography and RPI methods for the pinhole, spiral, and EUV diffuser masks are

shown in Fig. 2 (a)-(c), respectively. The image quality and resolution for each illumination, for

both ptychography and RPI, were assessed using Fourier ring correlation (FRC) [65], a measure

of correlation between two reconstructed images from independent measurements in Fourier

space. Thus, we recorded two identical but statistically independent scans for each illumination

condition and performed both reconstruction methods on them. As illustrated in Fig. 2 (a), the

pinhole mask produces an unstructured and smooth illumination that is brightest at and around

the center of the beam, as evident in the reconstructed probe image. Consequently, only features

near the center are visible in the RPI-reconstructed image, while the surrounding regions appear

very noisy due to insufficient illumination intensity. To ensure a meaningful FRC analysis for

the pinhole and spiral masks, an aperture (indicated by the black circles in Fig. 2 (a) and (b))

was therefore applied to the image, restricting the resolution calculation within the aperture by

excluding the noisy surroundings. This yields a spatial half-pitch resolution of 540 nm. The

spatial resolution improves to 260 nm when using the spiral mask and even reaches 160 nm with

the EUV diffuser mask. On the other hand, the image resolutions obtained from ptychography

reconstructions are substantially higher than those from the RPI reconstructions. Interestingly,

a half-pitch resolution of 80 nm is achieved even with the pinhole mask, while the spiral and

EUV diffuser masks yield resolutions of 68 nm and 61 nm, respectively. As expected, the images

reconstructed via ptychography exhibit superior sharpness, minimal background noise, and

clearly resolved features across the entire sample. However, line artifacts appear around the

elbow and square structures in the image reconstructed using the pinhole mask (Fig. 2 (a)), as

commonly seen with smooth, unstructured beams [59,66,67].

We have demonstrated that single-frame RPI reconstructions were successful for all three

types of illuminating beams in the EUV region. Nevertheless, the RPI reconstruction is sensitive

and highly dependent on the illumination structure since the reconstruction utilizes only a single

diffraction pattern. Structured illumination has been shown to enhance the image resolution

in ptychography reconstructions by introducing spatial frequency variations in the recorded

diffraction patterns [66–68]. In other words, a beam with a structured wavefront induces

varying intensity and phase diversity in the diffraction patterns, leading to better convergence

and more accurate reconstructions. This improvement arises because the phase retrieval

algorithm can more effectively distinguish between the object and the probe. For this reason, the

structured illumination produced by the spiral mask yields better image resolution than that of

the unstructured illumination from the pinhole, in both ptychography and RPI reconstructions.

However, the highest image resolution is achieved with the strongly structured illumination

created by the EUV diffuser in both reconstructions. This EUV diffuser, tailored for 13.5 nm

based on molybdenum nanostructures [59], creates highly randomized speckle patterns, resulting

in widely spread diffraction patterns. Hence, the EUV diffuser mask improves the resolution by

about 40% compared to the spiral mask (from 260 nm to 160 nm) in the RPI reconstruction, while

the improvement is only about 10% (from 68 nm to 61 nm) in the ptychography reconstruction.

This shows that the quality of a single-pattern RPI reconstruction is highly dependent on the

spread of the beam’s angular spectrum, which not only introduces varying intensity and phase

diversity but also determines the sample coverage in a single diffraction pattern due to the beam’s

divergence after the mask. The divergence significantly increases for the spiral and diffuser

masks compared to the pinhole mask. In contrast, ptychography uses a scan of overlapping

diffraction patterns covering the entire sample, thus only differences in wavefront diversity affect

the reconstruction quality for the same number of photons incident on the sample.
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Fig. 2. Comparison of the reconstructed probes and objects using ptychography and RPI

algorithms for three different illuminating beams: (a) pinhole, (b) spiral, and (c) EUV diffuser.

Color wheel: phase is represented as hue and modulus as brightness. The insets show the

corresponding masks. The black circles in (a) and (b) indicate the aperture boundaries

where the image transitions into random noise, with the image regions outside the circles

excluded from the FRC calculation. Note that the RPI-reconstructed objects are retrieved

from a single, selected diffraction pattern. The graphs display the half-pitch resolutions of

the reconstructed images, evaluated using FRC with the half-bit criterion (orange lines). All

measurements were performed using the same number of photons incident on the sample.

4. Randomized probe imaging at maximum dynamic range

Next, we studied the single-frame RPI reconstruction quality without image averaging using the

spiral and EUV diffuser masks at the detector’s maximum dynamic range (Fig. 3). As mentioned

earlier, an average photon number of approximately 8× 104 per diffraction pattern was used for all

three illuminations. This value corresponds to the exposure level just before the signal captured

with the pinhole mask became overexposed, as its exposure time is limited by saturation at the

center of the diffraction pattern. Unlike the narrow angular spectrum produced by the pinhole

mask, which leads to saturation at the detector center due to its bright, centrally concentrated

beam, both the spiral and EUV diffuser masks significantly broaden the angular spectrum of the

resulting diffraction patterns. Consequently, the diffraction patterns are more evenly distributed

across the detector, thereby relaxing the detector’s dynamic range requirements. This allowed

us to increase the exposure time for both mask cases to acquire the maximum signal without

reaching saturation. Notably, the EUV diffuser mask exhibits an even broader angular spectrum

than the spiral mask, as evident from the probe images in Fig. 2 (b) and (c). The former distributes

intensity more uniformly across the detector at larger diffraction angles. Specifically, the photons
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are most efficiently spread over the detector due to the diffuser’s multiple randomized speckles.

As a result, higher photon counts of 3× 105 and 7× 105 photons per diffraction pattern were

recorded for the spiral and EUV diffuser masks, respectively [59]. The corresponding spatial

half-pitch resolutions from the RPI-reconstructed images are estimated to be 120 nm for the spiral

mask and 110 nm for the EUV diffuser, respectively. Furthermore, the images reconstructed

using the automatic differentiation-based ptychography algorithm employed in this work exhibit

resolutions of 52 nm for the spiral mask and 40 nm for the EUV diffuser mask (Fig. 3 (a) and

(b)), while slightly better resolutions of 45 nm and 32 nm, respectively, have been achieved [59]

using the PtyLab framework [69]. This can be attributed to the absence of the orthogonal probe

relaxation algorithm [70] in the current reconstruction method, which is known to enhance

reconstruction quality by allowing a set of orthogonal probe modes to adapt dynamically to

illumination variations. Overall, the highest image resolution was achieved with the EUV diffuser

in both reconstructions when utilizing the detector’s full dynamic range.

Fig. 3. Comparison of the reconstructed objects using ptychography and RPI algorithms for

two different illuminating beams: (a) spiral and (b) EUV diffuser. Color wheel: phase is

represented as hue and modulus as brightness. The insets show the corresponding masks.

Note that the RPI-reconstructed objects are retrieved from a single, selected diffraction

pattern. The graphs display the half-pitch resolutions of the reconstructed images, evaluated

using FRC with the half-bit criterion (orange lines). The measurements of both spiral and

EUV diffuser cases were performed using the maximum dynamic range of the detector.

5. Averaged randomized probe imaging

The capability of RPI to reconstruct the object from a single diffraction pattern, albeit at a

decreased resolution compared to a ptychography scan, offers a granular trade-off between SNR

and acquisition time for applications that are limited by measurement duration, such as online

feedback or time-resolved pump-probe experiments. Figure 4 shows a substantial increase in

SNR and, therefore, improved image resolution when averaging independently RPI-reconstructed

images using different subsets of the diffraction patterns from the ptychography scan for the
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pinhole (Fig. 4 (a)), spiral (Fig. 4 (b)), and EUV diffuser (Fig. 4 (c)) masks, respectively. The

description of the image averaging process is provided in Section 2. Note that the maximum

dynamic range illumination condition was used for the spiral and EUV diffuser masks. Since the

EUV beam illuminated different parts of the sample at different scan steps, each reconstructed

image was weighted by the spatial distribution of the probe before averaging in order to eliminate

noise outside the illumination area from contributing to the average. The image quality improves

significantly when averaging about 10 images, and approaches ptychography-like quality (though

with slightly reduced feature sharpness) for about 100 averaged images for both the spiral and

EUV diffuser masks. The image obtained with the pinhole mask remains notably worse compared

to ptychography (Fig. 2 (a)), even after averaging the entire scan, but now reveals the entire object

since the averaging weighted by the probe effectively combines different regions of the sample

illuminated during the scan. Note that for 10 or fewer averaged images, only the central region of

the object is illuminated due to the small probe size after the pinhole mask. Hence, for these

images, only the illuminated regions indicated by the black circles in Fig. 4 (a) are considered

for the FRC analysis, as shown in Fig. 4 (d)-(f) for the pinhole, spiral, and EUV diffuser masks,

Fig. 4. Comparison of single images and averages of 2, 10, 100 and 200 images, respectively,

from the RPI reconstructions for three different illuminating beams: (a) pinhole, (b) spiral,

and (c) EUV diffuser. Color wheel: phase is represented as hue and modulus as brightness.

Half-pitch resolutions of the corresponding single images and averaged images for the three

different beams: (d) pinhole, (e) spiral, and (f) EUV diffuser, evaluated using FRC with the

half-bit criterion (orange lines). Note that the measurements of both spiral and EUV diffuser

cases were performed using the maximum dynamic range of the detector.
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respectively. The image resolution given by the FRC half-bit criterion improves from 540 nm to

280 nm for the pinhole mask, from 120 nm to 75 nm for the spiral mask, and from 110 nm to

73 nm for the EUV diffuser mask, respectively, when comparing the single-image resolution to

200 averaged images (full scan). For the spiral and EUV diffuser masks, sub-100-nm resolution

is achieved for 10 averaged images.

This result demonstrates that overlap between diffraction patterns, which is essential for

ptychography, is not necessary to achieve high image resolution with RPI, since each image is

independently reconstructed from a single diffraction pattern. The RPI resolution is primarily

improved by a large probe coverage of the sample area, as well as signal accumulation (e.g.,

by averaging multiple images) to increase the SNR. Similar to ptychography, the underlying

phase retrieval algorithm used in the RPI technique benefits as well from the wavefront diversity

introduced by structured illumination. Hence, the pinhole mask yields the poorest RPI results

due to both high uniformity of the probe and low beam coverage of the sample, while the spiral

and EUV diffuser masks provide a larger beam coverage due to their broader angular spectrum

as well as a high degree of varying intensity and phase diversity, which markedly improves the

RPI resolution. Therefore, structured illumination combined with RPI enables high-resolution

EUV imaging scans with short image acquisition time or even single-shot imaging [71,72],

for example for pump-probe measurements or on-the-fly ptychography. Since such scans are

typically performed using the same probe for every scan step, the probe needs to be determined

only once via ptychography and can be used for all subsequent RPI reconstructions. If a higher

resolution is required than what is achievable with RPI, ptychography reconstructions can be

seeded [73] using the RPI results, which can significantly decrease convergence time and allow

sparser ptychographic sampling.

6. Discussion and conclusion

In summary, we have demonstrated, for the first time, successful single-frame RPI of an extended

sample using a 13.5 nm EUV beam with different illuminations from a table-top HHG source. The

RPI algorithm does not require the exact randomized beam used in the original work from Levitan

et al. (Reference [54]) but rather it is applicable and well-suited for structured illuminations

generated by the spiral-shaped and phase diffuser masks. Our results showed that the structure of

the illumination plays a critical role in the quality and resolution of RPI reconstructions. Structured

illuminations, particularly those produced by the spiral and EUV diffuser masks, significantly

broaden the angular spectrum and spatial frequency content of the recorded diffraction patterns.

This not only improves resolution but also enables optimal utilization of the detector’s dynamic

range. Similarly, structured illumination used in multiwavelength EUV ptychography has been

shown to significantly improve reconstruction quality by introducing varying degrees of diversity

among different wavelength components and scan positions [74]. It should be noted that the

structured beams used in this study were created by placing the tailored masks directly (∼200 µm)

in front of the sample. However, another promising approach is to drive the HHG process using

a structured laser beam itself. This could enable the generation of a broad range of structured

beams, including those with orbital angular momentum [75–77], vector beams [78–80], and

beam arrays [81,82].

We achieved an image resolution of 110 nm from a single-frame RPI reconstruction using

the tailored EUV diffuser and by fully exploiting the detector’s dynamic range. In comparison,

the image resolution obtained with the spiral mask (120 nm) was only slightly lower, making

it a practical alternative due to its common use and ease of fabrication. Nonetheless, we note

that the resolution demonstrated here currently lags behind those achieved by FTH [49,83]

and CDI [29,84–86]. However, it is important to emphasize that those experiments typically

employ high-dynamic-range measurements, in which multiple diffraction patterns with increasing

exposure times are combined into a single high-dynamic-range diffraction pattern. Such strategy
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is in principle also compatible with RPI. To achieve higher resolution in single-frame RPI, the

use of highly structured beams with diffuse speckle patterns is unequivocally essential to ensure

maximal sample coverage and a more even distribution of the diffraction pattern across the

detector. Additionally, recent advances in modern high-numerical-aperture EUV meta-optics

[87] promise the ability to tailor EUV light fields with reduced speckle, making them highly

attractive for high-performance EUV-based RPI.

Furthermore, RPI offers several advantages over other established single-shot lensless imaging

modalities, making it particularly promising for future time-resolved pump-probe experiments.

These advantages are summarized in Table 1, where RPI is compared with CDI, mask-based FTH

and single-shot ptychography [88,89]. The most significant advantage of RPI is its versatility, as

it can be readily applied to arbitrary samples without requiring special preparation. For instance,

RPI can also be used to investigate samples in reflection geometry, which is not easily achievable

with CDI and FTH. In addition, RPI is highly adaptable since it can be implemented in virtually any

ptychography setup and does not suffer from low convergence issues which are often encountered

in CDI. Single-shot ptychography employing the RPI algorithm together with pre-calibrated

illumination for image reconstruction has shown improved resolution compared to the standard

algorithm [90]. Moreover, RPI has the advantage over CDI and FTH in directly reconstructing

the quantitative object transmission function, rather than the exit surface wave. Even when the

probe is pre-characterized in CDI or FTH measurements, reconstruction ambiguities remain,

since the relative position of the probe might not be precisely determined.

Table 1. Comparison of RPI with CDI, mask-based FTH, and single-shot ptychography

RPI CDI FTH Single-shot
ptychography

Resolution Moderate to high High High Moderate

Robustness High Low Very high High

Sample requirements None Isolated Isolated None

Measurement in reflection Yes Challenging Challenging Yes

Quantitative object reconstruction Yes No No Yes

Implementation in the EUV Simple Simple Simple Challenging

Overall, the combination of RPI and structured illumination offers a powerful route toward fast,

high-resolution single-frame EUV imaging with minimal acquisition time, making it especially

suitable for applications limited by acquisition time such as pump-probe experiments of time-

resolved dynamics, on-the-fly scans or in situ diagnostics, which can be easily implemented

wherever ptychography is performed. Furthermore, it can provide a seed to significantly accelerate

ptychography reconstruction of large datasets using the same probe when ultimate resolution is

required.
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