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Abstract: The rapid growth of nanotechnology has increased the need for fast nanoscale imaging.
X-ray free electron laser (XFEL) facilities currently provide such coherent sources of directional and
high-brilliance X-ray radiation. These facilities require large financial investments for development,
maintenance, and manpower, and thus, only a few exist worldwide. In this article, we present an
automated table-top system for XUV coherent diffraction imaging supporting the capabilities for
multispectral microscopy at high repetition rates, based on laser high harmonic generation from gases.
This prototype system aims towards the development of an industrial table-top system of ultrafast soft
X-ray multi-spectral microscopy imaging for nanostructured materials with enormous potential and
a broad range of applications in current nanotechnologies. The coherent XUV radiation is generated
in a semi-infinite gas cell via the high harmonic generation of the near-infrared femtosecond laser
pulses. The XUV spectral selection is performed by specially designed multilayer XUV mirrors that
do not affect the XUV phase front and pulse duration.

Keywords: coherent diffraction imaging; high-order harmonic generation; multispectral imaging;
ultrafast imaging; coherent XUV radiation

1. Introduction

Many modern laboratories are equipped with ultrafast laser systems, which routinely
deliver mJ pulses with repetition rates ranging from Hz to MHz. The interaction of
strong laser pulses with atomic gas targets can generate coherent extreme ultraviolet
(XUV) radiation in the form of a comb of odd harmonics of the laser field’s fundamental
frequency [1–3]. Currently, this coherent XUV radiation serves as a secondary source
for applications related to ultrafast microscopy techniques based on coherent diffraction
imaging (CDI) [4–7]. The necessity for the development of such secondary coherent
XUV sources, with high-quality geometrical and spectral characteristics, has been recently
emphasized [8]. For high-quality ultrafast CDI in the nanoscale, several conditions should
be fulfilled. The most important are: (i) the high coherence of the XUV radiation, (ii) the
adequate intensity of the generated harmonics in use, (iii) the preservation of the ultrafast
properties and phase front of the XUV pulses, (iv) the selection of appropriate spectral
regions, and (v) the ability of the system to operate at high repetition rates.

CDI is a lensless microscopy technique, based on XUV, soft X-rays, or hard X-rays,
first experimentally demonstrated in 1999 by Miao and colleagues [9], as an extension of
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the conventional X-ray crystallography, where the image of a specimen was reconstructed
with a spatial resolution of 75 nm. Conventional CDI involves an isolated sample that is
simultaneously illuminated over its entire surface with spatial coherence to ensure that
the intensity of the diffraction pattern from the sample is correctly captured by a camera,
while the phase information is numerically recovered using iterative algorithms [10–14].
Furthermore, a scanning type of CDI method that overcomes the limitation of the iso-
lated sample is ptychography [15–19]. In ptychography, the sample is scanned trough
a focused beam of coherent radiation for well-overlapping multiple positions, and the
corresponding diffraction patterns are recorded. Although suitable XUV/soft X-ray sources
were previously only available in large-scale facilities such as synchrotrons [20] and free
electron lasers [21], with the advancement of ultrafast laser technology, XUV sources based
on high-order harmonic generation (HHG) allowed for table-top high-spatial-resolution
CDI of fixed targets in transmission [22–27] and reflective modes [15,16,18], including
femtosecond X-ray holography [28]. Indeed, as first demonstrated in the pioneering work
of Seaberg et al. [4], imaging of a sample with '200 nm resolution was achieved using a
single harmonic order at a wavelength of 29 nm. Over the past decade, rapid progress
in understanding the dynamics and development of HHG sources [29] has resulted in a
consequent increase of resolution at sub-wavelength values [30].

In this article, we present an automated experimental prototype system that adequately
meets most of the necessary conditions for ultrafast multispectral CDI. The system utilizes
a semi-infinite cell for the XUV high harmonic generation that supports operation in high
repetition rates [31]. The phase matching of the generated comb of harmonics can be
controlled by the gas in use, the gas pressure, the geometrical characteristics, the intensity
and chirp of the laser pulses, as well as the point of the focus with respect to the location
of the exit pinhole of the semi-infinite cell. The choice of a semi-infinite cell offers high-
stability HHG conditions and, thus, highly reliable operation. The capabilities offered by
multispectral imaging in the IR and visible regions of the EM spectrum is well known
in the literature, since different details of an object can be viewed at different spectral
regions [32–35]. Our system provides the capability of automated in vacuum selection
of certain harmonics, while maintaining their high coherence and pulse duration, for use
in CDI. Thus, our system extends the multispectral concept to the XUV region of the
EM spectrum.

2. Materials and Methods
2.1. The Experimental Setup

Our XUV CDI experimental setup, designed and developed at the Institute of Plasma
Physics and Lasers (IPPL) [36], consists of four stages, depicted with letters A, B, C, and D
as presented in Figure 1. The first stage, A, is the semi-infinite static cell filled with the
gas target at pressures in the order of tens of mbar. The IR laser pulses have a central
wavelength of 807 nm and are delivered by the Ti:Sa laser system (Amplitude Technologies)
to the first stage of the setup with an energy of 1 mJ and a minimum pulse duration of 26
fs. The laser beam is focused by an f = 38 cm lens at the neighborhood of the exit of the
semi-infinite cell, which ends in a 100 µm thin copper foil attached to a 1.5” aluminum tube.
The foil is drilled by the laser beam, creating an exit pinhole of 50 to 100 µm in diameter.
The intense laser fields interact with the gas atoms, resulting in the generation of an XUV
comb of higher-order harmonics that propagates along with the laser beam through the
drilled pinhole to the second and third stages of the setup. The location of the laser beam
focus in the neighborhood of the drilled pinhole area can be varied, by moving the lens
micrometrically along the laser propagation axis. Moreover, the semi-infinite gas cell is
equipped with a tube manifold for evacuating and filling it with a variety of gases, or even
a mixture of gases if necessary, at accurately measured pressures during the experiment.
Thus, the generated XUV radiation can be controlled and optimized with respect to the gas
species and pressure, as well as to the location of the laser focus. In addition, the plasma
formation inside the semi-infinite gas cell can be imaged by a CCD camera along with
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the corresponding XUV spectral images described below. This option is a powerful tool
towards both the interpretation of the corresponding XUV spectral images characteristics, as
well as the optimization of the coherent XUV generation at the predetermined wavelengths.

Figure 1. The XUV CDI experimental setup shown in a CAD design (top) and in the IPPL laboratory
with zoom pictures for the stages of A, C, and D (middle and bottom). A: The first stage hosting the
semi-infinite gas cell. B: The second stage hosting the differentially pumped region. C: The third
stage hosting the XUV filtering, diagnostics, and wavelength selection. D: The fourth stage hosting
the target and the recording of the CDI result. L: lens. AL-F: aluminum filter. M1, M3: flat multilayer
mirrors. M2, M4: spherical concave multilayer mirrors. FFG: flat field grating. T: target.

The second stage, B, is a differentially pumped chamber, which separates the high-
pressure first stage from the third and fourth low-pressure stages. The entry aperture is the
laser drilled pinhole at the exit of the semi-infinite cell, the small size of which minimizes
the gas throughput. The exit aperture has a diameter of 3 mm, which is wide enough to
allow the propagation of the XUV radiation, but simultaneously blocks a large part of the
more divergent IR laser beam. Stage B is pumped by a 150 L/s turbomolecular pump
reaching pressure values of ∼10−4 mbar in gas cell operation conditions.

The third stage, C, is a 70 cm in diameter chamber that is pumped by a 350 L/s
turbomolecular pump, thus reaching a background pressure of 1× 10−6 mbar or of ∼10−5

mbar in gas cell operation. The chamber hosts all the necessary optical and optomechanical
components for the automated optimization, filtering, and selection of the XUV wave-
lengths and propagation of the resulting XUV beam to the target area at the fourth stage.
First, the mixed XUV and IR beam, upon entering the chamber, is filtered from the IR laser
residual beam using a 400 nm-thick Al filter, while at the same time, the XUV radiation
spectrum of interest (i.e., 30 nm to 50 nm) suffers only an overall reduction in intensity.
The Al filter is mounted on a linear rod equipped with a vacuum-compatible motor that is
externally controlled. Thus, the Al filter can be inserted in the XUV beam path at will.
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The selection of the wavelengths is performed via two similar pairs of mirrors. Each
pair consists of a multilayer flat mirror and a multilayer spherical concave mirror, placed
in opposite directions, as shown in Figure 1. The pair of multilayer mirrors reflects only a
narrow band (∼2 nm) around a central wavelength, while the spherical mirror, having a
radius of curvature (ROC) of 1000 mm, focuses the selected XUV beam onto the target at the
fourth stage of the setup. Both sets of multilayer mirrors were specially manufactured from
SiC/Mg layers (NTT Advanced Technology Corporation) to deliver the central wavelengths
of 32.2 nm and 47.6 nm, respectively, at maximum reflectivity for the geometry in use.
The pairs of mirrors are fixed on a movable platform placed on a linear rod equipped with
a vacuum-compatible motor, which is externally controlled with sub-millimeter accuracy.
Thus, our system offers the option of exchanging at will the pairs of mirrors during
the measurements in an automated way, which is one of the essential characteristics of
our setup.

The platform is also equipped with a grazing-incidence flat field diffraction grating
(Hitachi 001-0639), which can be automatically inserted into the generated XUV beam path.
In this operation option, which may or may not include the insertion of the Al filter, the XUV
beam is diffracted towards a high-quantum-efficiency 16-bit XUV vacuum CCD camera
(Raptor Photonics, Eagle XO) with a sensor having 2048 pixels (27.65 mm) at the grating
diffraction axis and 512 pixels (6.90 mm) at the XUV divergence axis (perpendicular to the
grading diffraction axis). The grating supports a wavelength dispersion efficiency ranging
from 22 nm up to 124 nm, much broader than the corresponding spectral region supported
by the XUV CCD camera. Thus, a selected part of the XUV spectrum, determined by the
rotation angle of the grating, also automatically controlled, can be monitored by the XUV
CCD camera during the experiment and thus perform an on-line optimization. Moreover,
the XUV grating and XUV CCD detector allow for a relatively high spectroscopic resolution
from ∼80 to ∼100 pixels per 1 nm, on the CCD, for the spectral region of interest. This
resolution is a significant experimental tool for optimizing the quality and characteristics of
the XUV beam.

The fourth stage, D, is an ISO200 six-way cross attached to and pumped by the third
stage. It hosts the target, which is mounted on a variable in the three dimensions XYZ
of the base, as well as in the polar rotation angle Θ. Vacuum-compatible steppers for
the four degrees of freedom are externally controlled and set with micrometer accuracy.
Thus, the position of the target with respect to the laser focal area is accurately controlled.
The monochromatic coherent XUV radiation diffracted by the target is recorded at the
second vacuum-compatible XUV CCD camera located 9.0 cm after the target at the end
of the six-way cross. The XUV CCD camera has identical characteristics as the XUV CCD
camera of the third stage, differing only in the sensor size, which is 1024 by 1024 pixels.

The software interface for controlling the initial XUV filtering, the selection of recording
the XUV spectrum, the selection of the pair of mirrors for selecting the wavelength, and
the XYZΘ position control of the target are shown in Appendix A in Figure A1. In the
same figure, a block diagram of the above multi-axis control system is also presented.
The positions of the optomechanical devices can be calibrated independently and stored
for future use or self-calibrated during the experiments.

2.2. XUV Optimization Studies

The optimization of the generated XUV radiation is a multiparameter laborious task.
These include the laser beam diameter, the laser beam focus position with respect to the exit
pinhole of the semi-infinite gas cell, the gas species and pressures in use, the chirp of the
laser pulses, and the filtering of the certain XUV spectral area of interest. Below, we present
our approach towards finding the optimum conditions for generating intense and coherent
XUV radiation by examining the effects of the aforementioned experimental parameters on
the generation of the XUV radiation.
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2.2.1. Laser Beam Diameter and Focus Position

For the investigations on the laser aperture and focus position, we installed a chevron-
type multichannel plate (MCP) detector in front of the spectral imaging XUV CCD camera.
The 1” in diameter MCP detector had a 1 mm in width entry slit and was installed on a
linear motorized stage, so that the whole spectrum supported by the grating is recorded
during one travel of the stage (∼5 min duration) with an adequate spectral resolution
∆λ/λ ∼ 0.02.

In Figure 2, some indicative results from this part of the study are presented. In
Figure 2a, the dependence of the recorded XUV spectrum on the laser beam diameter and
corresponding energies is shown. Here, the laser beam was truncated by an iris prior to its
focusing, thus affecting the focal area and, therefore, the HHG. It can be clearly seen that
an iris diameter of 7 mm provides the most intense harmonics for the spectral region of
interest. This is a known effect due to geometrical phase-matching conditions [37]. Thus,
we adopted this condition, which corresponds to an energy of 1 mJ, for all of our later
studies. Even though these data were obtained for Ar gas at 60 mTorr, similar qualitative
behavior was observed for other pressures and gases.

Figure 2. Laser beam diameter and laser focus position study. (a) HHG spectra obtained for various
laser beam diameters and corresponding energies. (b–e) Indicative laser focus position study with
respect to the exit pinhole of the semi-infinite gas cell: (b) −1 mm, (c) 0 mm, (d) 1 mm, and (e) 2 mm.

In Figure 2b–e, we present the HHG spectra obtained after varying the laser focus
position with respect to the exit pinhole of the semi-infinite gas cell for various Ar gas
pressures. For this, the focusing lens was mounted on a linear micrometric stage variable
along the laser beam propagation axis. The location of the laser focus in combination with
the gas pressure is a quite sensitive combination of parameters, as it substantially affects the
phase matching conditions, and thus the efficiency of HHG. It is evident that, by focusing
the laser beam after the exit pinhole and for relatively high pressures, an increase of the
HHG efficiency was achieved for the spectral region of interest here. Based on our overall
detailed study, it was decided that the best location for the laser focus was 1 mm after the
pinhole, and this condition was adopted for all of our later studies.

2.2.2. Gases

Another crucial parameter in the HHG optimization study is the generating gas in use.
Since noble gases are mostly used in such studies, comparative HHG measurements using
Ar, Kr, and Xe gases were performed. The HHG spectra were obtained using the setup with
the scanning mode MCP detector as in the laser diameter and focusing studies. In Figure 3,
the comparative HHG spectra for Ar, Kr, and Xe obtained are presented. An overall higher
HHG efficiency was evident for Kr and Xe gases compared to Ar. This is due to their lower
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ionization potential (15.76 eV, 13.99 eV, and 12.13 eV for Ar, Kr, and Xe, respectively), which,
however, affects their spectral cut-off. Specifically, Xe is known to have a maximum cut-off
at laser peak intensities close to 8× 1013 W/cm2, which corresponds to a cut-off of 43 nm,
in accordance with our measurements. For the laser pulse energy of 1 mJ in use, the Ar and
Kr cut-offs resulted in 30 and 32 nm, respectively, in accordance with our measurements.
From this comparative study, it is clear that for the wavelengths of 47.6 nm and 32.2 nm,
the use of Kr and Ar gases, respectively, is preferable.

Figure 3. XUV spectra obtained for the Ar, Kr, and Xe HHG gases. All spectra were obtained at
pressures of 70 Torr and identical laser focusing conditions. Dashed lines indicate the wavelengths of
interest, corresponding to the two pairs of multilayer mirrors’ reflection narrowband regions.

2.2.3. Chirped Laser Pulses

The control of the temporal rearrangement of the spectral content of the ultrashort
laser pulses, namely the chirp of the laser pulses, has been used as a tool for improving
the efficiency of the HHG and their characteristics [38–40]. Recently, our group showed
that by controlling the chirp of intense IR fs laser pulses, the contribution of long and short
trajectories in the HHG spectra could be resolved, while the efficiency of their generation, as
well as their spectral and divergence characteristics could be accurately controlled [41,42].
Thus, the investigation of the effects of using positive (instantaneous frequency increas-
ing with time) and negative (instantaneous frequency decreasing with time) chirp pulses
was included in the HHG optimization study. The chirp value and corresponding pulse
duration of the laser pulse was accurately controlled by varying the distance between the
compressor’s gratings relative to the position set for delivering FTL laser pulses. Consid-
ering only linear chirp, its value was estimated in a shot-to-shot basis via measurements
with a femtosecond single-shot-intensity autocorrelator (Amplitude Technologies, Bonsai)
located just before the interaction cell.

In Figure 4, a detailed study of the HHG efficiency as a function of the chirp of the laser
pulses and for various Ar gas pressures is presented. As reported in [42], the maximum
efficiency for HHG takes place for negatively chirped pulses with a duration around 50 fs
and relatively high pressures. Thus, for optimizing the HHG generation at a predetermined
central wavelength, we also varied the chirp of the laser pulses to low negative values.



Appl. Sci. 2022, 12, 10592 7 of 13

Figure 4. XUV harmonic spectral images measured for various laser pulse durations and Ar gas pres-
sures. The negative/positive signs of the laser pulse durations correspond to the negative/positive
chirp, respectively. The nominal spectral locations of the harmonics order, estimated by ray-tracing
calculations, are noted at the bottom of the XUV spectral images.

2.2.4. Filtering

Although the pairs of XUV multilayer mirrors were specially designed for the geome-
try of our setup and for the wavelengths of 32.2 nm and 47.6 nm, their transmittance was
additionally tested in realistic experimental conditions. For this, an optical setup in the
chamber of Stage C was developed, so that the generated XUV beam is first filtered by
the 400 nm Al foil, then propagates through the pair of multilayer mirrors and, finally,
is spectrally analyzed by the flat field grating. The recording of the XUV spectrum was
performed via the MCP scanning mode in order to obtain the full spectrum. The results of
these measurements for both pairs of multilayer mirrors are presented in Figure 5.

Figure 5. Overall transmission spectra of the generated XUV radiation obtained for both pairs of
multilayer mirrors. (a) Pair for 32.2 nm. (b) Pair for 47.6 nm. The peaks at ∼65 nm in (a) and ∼95 nm
in (b) correspond to the second order of diffraction.

It can be seen that the pair of low-value wavelength mirrors transmits at a central
wavelength of 32.2 nm with an FWHM of 2.5 nm, while the pair of high-value wavelength
mirrors transmits at a central wavelength of 47.6 nm with an FWHM of 1.5 nm. The ap-
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pearance of peaks at lower-value wavelengths in both spectra is due to the second order
of diffraction, as can be inferred from their twice in magnitude wavelength value. Finally,
it should be noted that for 32.2 nm, Ar gas was used, while for 47.6 Kr, gas was used,
as resulted from the study on the gas types.

2.2.5. XUV Radiation Coherence

The overall coherence of the generated XUV radiation was initially tested by recording
diffraction images resulting from the illumination of a copper mesh with 70 lines per inch
and 5 µm-thick wires. The copper mesh was placed at the entrance of the chamber of Stage
C, and the diffraction images were recorded by the XUV CCD camera located at the end of
the six-way cross of Stage D. A picture of the copper mesh is shown in Figure 6a, while
in Figure 6b,c, the corresponding pictures of the diffraction image and the reconstructed
image are shown, respectively. Since the diffraction image was obtained using the full XUV
spectrum without any spectral filtering, there is no safe way to accurately calculate the char-
acteristic dimension of the mesh from the reconstructed image. However, considering the
optical geometry layout and using an average XUV wavelength of 50 nm, the characteristic
dimension of the mesh was calculated close to the value given by the manufacturer.

Figure 6. XUV radiation overall coherence measurements. (a) The 70 lines per inch copper mesh.
(b) The diffraction image obtained after illuminating the copper mesh with the full XUV spectrum.
(c) Reconstructed image of the copper mesh. Axes in (b,c) are in pixels.

3. Results

Here, some benchmark results demonstrating the capabilities for CDI of our system
are presented. The object used for the CDI studies was a hole drilled by our tightly focused
laser beam on a 13 µm thin aluminum foil. It was selected among a series of objects, imaged
by a scanning electron microscope, based on (i) the sharpness of its edges and (ii) its contour
details to be less than 1 µm. In Figure 7a, colorred a SEM image of the object is shown.

The object was illuminated by the XUV beam just before its focus in order to cover
as large area as possible of the object. Since the ROC of the spherical multilayer mirror
is 1000 mm, this choice was not expected to affect the XUV phase front. Our automated
system allowed the acquisition of a series of CDI images by moving the object in the
plane perpendicular to the k-vector of the XUV beam. In Figure 7c,e, the CDI images
for the wavelengths of 47.6 nm and 32.2 nm, respectively, are shown. These CDI images
were selected in order to demonstrate the imaging capabilities of sub-micrometer details.
In Figure 7b, the ideal calculated CDI image of the object is shown. Comparing the
experimental CDI images for these two wavelengths, it is clearly shown that the smaller
the wavelength, the finer the details of interference modulation in the k-space of the CDI
image are, as expected.

In Figure 7d,f, the images in real space are shown, for the wavelengths of 47.6 nm
and 32.2 nm, respectively, as calculated using the reconstruction algorithm presented in
Appendix B. From these images, it is evident that using the shorter wavelength, the recon-
structed image has a higher resolution, resolving the details with a higher number of pixels.
Moreover, the reconstructed image size of the object is∼1.5-times larger for the wavelength
of 32.2 nm as compared to 47.6 nm, reflecting the inverse ratio of the wavelengths.
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Figure 7. (a) The object under ultrafast CDI study. (b) The ideal CDI result corresponding to the
object shown in (a). (c) CDI result for the object shown in (a) using the central wavelength of 47.6 nm.
(d) Reconstruction of the object shown in (a) using the CDI result of (c). (f) CDI result for the object
shown in (a) using the central wavelength of 32.2 nm. (f) Reconstruction of the object shown in
(a) using the CDI result of (e). The white contour shown in (d,f) corresponds to the shape of the object
shown in (a) and was placed to guide the eye. The image size of (b–f) is 512 × 512 pixels.

4. Discussion

Multispectral imaging in the visible part of the EM spectrum and longer wavelengths
up to thermal infrared is a well-established technique. Wavelength filtering is performed
using special filters, combined with suitable detectors, which are sensitive to particular
wavelengths. The visible part of the EM spectrum is used for imaging of atmospheric
pollutants, water, vegetation, soil, and biological tissues. The IR part is used for imaging of
forest fires, geological features, clays, mapping terrain, and night studies.

The current advances in nanotechnology require the development of multispectral
imaging systems, using wavelengths in the XUV and soft-X-ray region. Therefore, the ex-
isting multispectral imaging technology must be extended to such small wavelengths.
Towards this, our approach in this work, based on HHG, offers a comb of coherent XUV
wavelengths, which can be preferentially filtered in an automated way, without altering
their optical spatiotemporal characteristics. We presented an automated system for ultra-
fast multispectral CDI, demonstrating its capabilities at two different XUV wavelengths,
namely 32.2 nm and 47.6 nm. Our results clearly show that the imaging capabilities and
the structural details that can be resolved depend on the wavelength in use.

Our table-top multispectral CDI system can support a larger number of XUV wave-
lengths by adding more pairs of multilayer XUV mirrors. These pairs can be placed in the
same platform, automatically set to the different pair positions, thus selecting the desired
wavelength without altering the XUV beam path towards the object. The use of a semi-
infinite gas cell for the high-harmonic XUV generation, aside from the excellent stability
of the HHG conditions that it offers, can support laser systems with MHz repetition rates,
which are commercially available, providing laser pulse intensities appropriate for HHG.
Such high repetition rates are highly desirable in, for example, 3D tomographic imaging
due to the large number of images required.

While in our work, the shortest wavelength in use was 32.2 nm, future prospects
of coherent XUV multispectral CDI will be its extension in the soft-X-ray spectral region
utilizing appropriate phase-matching conditions [43,44]. Using such small wavelengths
will allow assessing unexplored areas of science, such as imaging of chemicals at their
absorption edges, combined with fs time-resolved measurements.
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Appendix A

Figure A1. (Top) The software interface for controlling all the optomechanical components installed
inside the vacuum Stages C and D of the setup. (Bottom) Schematic of the multi-axis control electronic
block diagram.

Appendix B

The CDI reconstruction analysis was based on three similar algorithms, each of them
refining the CDI details at a different level. All three algorithms follow the work flow dia-
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gram presented in Figure A2. Initially, the magnitude |F| is obtained from the experimental
CDI picture as the square root of the signal intensity for each pixel. Additionally, a starting
guess for the phase of each pixel is given, along with |F|, as an input to the algorithm,
thus forming the diffraction function G′ = |F|e−iϕ in inverse space at the detector plane.
Then, by applying an inverse Fourier transformation, F−1, the object density distribution
function, g′, is obtained in real space at the object plane. In the next step, certain geometrical
and methodological constraints, which depend on the algorithm in use, are applied, thus
resulting in a new object density distribution function, g, at the object plane. The latter
is then subject to a Fourier transformation, F , resulting in a new diffraction function,
G = |G|e−iϕ, in inverse space at the detector plane. The retrieved phase, ϕ, from this
function, G, is inserted into the initial diffraction function G′ = |F|e−iϕ, which has the
experimentally measured magnitude |F| as the input, thus initiating the next iteration step.
The calculation is repeated for a predetermined iteration number of steps, which result in
the final reconstructed image of the object.

Figure A2. CDI reconstruction algorithm flow diagram.

As a first step, a support area at the object domain, S(x, y), is defined as follows:
Initially, a Gaussian filter with a unity amplitude and standard deviation σ is applied to
g′. Then, by defining a threshold value θ, the value at the (x, y) point of the support area
S(x, y) is set to zero or one for the g′ filtered values below or above the threshold value of
θ, respectively, i.e.,

S(x, y) =

{
1 g′(x, y) ≥ θ

0 g′(x, y) < θ
. (A1)

The three similar algorithms used in this study, namely the error reduction (ER),
hybrid input–output (HIO), and shrink–wrap (SW), differ by the object domain constraints
applied. Specifically, the object domain constraint for ER is [12]

gk+1(x, y) =

{
g′k(x, y) (x, y) ∈ S & g′k(x, y) ≥ 0
0 (x, y) /∈ S or g′k(x, y) < 0

, (A2)

while for HIO, it is [12]

gk+1(x, y) =

{
g′k(x, y) (x, y) ∈ S & g′k(x, y) ≥ 0
gk(x, y)− βg′k(x, y) (x, y) /∈ S or g′k(x, y) < 0

, (A3)

where k is the k-th iteration. The definition of the SW algorithm is identical to HIO,
except that, in SW, the support area S is updated after a certain number of iterations. This
is performed by applying a Gaussian filter with smaller σ, so that the object support S
approaches the shape of the object distribution [13].

The reconstruction process initiates using the SW algorithm with a starting value
of σ = 7.5, reduced to σ = 0.8 during 120,000 iterations, while changing the support S
every 20 iterations. The values of θ and β were empirically set to 0.15 and 0.9, respectively,
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in accordance with the values from the literature [26]. Finally, using the ER algorithm,
200 additional iterations were applied to obtain the final result [45].
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