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We present a novel approach to x-ray microscopy based on a multilayer zone plate which is positioned
behind a sample similar to an objective lens. However, unlike transmission x-ray microscopy, we do not
content ourselves with a sharp intensity image; instead, we incorporate the multilayer zone plate transfer
function directly in an iterative phase retrieval scheme to exploit the large diffraction angles of the small
layers. The presence of multiple diffraction orders, which is conventionally a nuisance, now comes as an
advantage for the reconstruction and photon efficiency. In a first experiment, we achieve sub-10-nm

resolution and a quantitative phase contrast.
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X-ray microscopy enables imaging of matter at high
resolution down to the 10 nm range [1-5], with chemical
sensitivity [6] and at ultrafast timescales [7-9]. Above all, it
offers unique advantages for nondestructive imaging of bulk
and optically intransparent samples. For biological matter
and complex nanomaterials, full-field imaging is particularly
suitable, since it can cover large specimens without the need
for scanning. Conceptually, there are three very different
approaches to full-field x-ray microscopy. The first modern
X-ray microscopes, so-called transmission x-ray microscopes
(TXMs), were developed in the 1970s. They used Fresnel
zone plates (FZPs) as objective lenses to directly image and
magnify the sample structure, relying on a sharp image in the
detection plane [10]. To circumvent the problems associated
with low diffraction efficiencies and imperfect FZP lenses,
coherent diffractive imaging (CDI) was introduced [11,12],
replacing lens-based image formation by an iterative phase
retrieval algorithm, to invert a coherent diffraction pattern of
a compact sample. For extended samples, the ptychographic
variant of CDI proved particularly well suited [13], which
solves the phase problem based on partial overlap between
subsequent acquisitions using a finite beam. Despite impres-
sive progress in dose efficiency and fast scanning [14],
overhead due to motor movement still imposes constraints
on the scan time and limits the observation of fast dynamic
processes. Furthermore, scanning is incompatible with single
pulse imaging at free-electron lasers (FELs). The third full-
field x-ray microscopy approach, finally, is based on inline
holography in a cone-beam geometry [5,15-17]. Because of
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its adjustable field-of-view (FOV) and resolution, and
comparatively well-posed phase problem, it performs very
well for tomography of weakly contrasted biological
samples [18,19].

Notwithstanding the advantages of the more recent
lensless approaches to microscopy, it is timely to revisit
lens-based x-ray microscopy. Since CDI was proposed
20 years ago, significant progress in nanofabrication has
resulted in high resolution and high efficiency zone plate
optics, in particular, multilayer zone plates (MZPs) and one-
dimensional multilayer Laue lenses (MLLs), which can
focus an x-ray beam to a size of sub-10-nm (full width at half
maximum, FWHM) [20-22]. Unfortunately, however, this
focusing capability does not directly translate to an equiv-
alent resolution in full-field imaging, due to a number of
complications associated with multiple diffraction orders,
volume diffraction, remaining aberrations, and the need of
Zernike phase rings for phase contrast. At the same time, the
recently achieved 10 nm resolution in absorption contrast
shows the potential of high resolution zone plate optics [4].

In this Letter, we present a novel approach to full-field
hard x-ray microscopy, combining conceptional aspects of
all three major developments and their corresponding
advantages. The proposed method is, in particular, appli-
cable to high brilliance synchrotron sources and uniquely
suited to implement high resolution single pulse imaging at
FELs. We use a MZP as an objective lens to achieve high
resolution but do not content ourselves with a sharp
intensity image; instead, we use a fully quantitative and
iterative phase retrieval scheme to reconstruct the sample
transmission function. To this end, we use the measured
MZP transfer function. This liberates us from the require-
ment to use perfectly aligned, aberration- and distortion-
free optics, and allows us to exploit the full information
and numerical aperture (NA) of the diffraction pattern
with the sample encoded in near- and far-field intensity
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FIG. 1. (a) Schematic of the RBI setup. A coherent x-ray beam
(red) is focused by CRLs onto the sample, here a nanowire (NW),
and a MZP is positioned as a reporter in the near field. The MZP
diffracts the beam into the —first, +first, and zeroth diffraction
order recorded in the far field. The blue color indicates the CDI
diffraction signal of the sample. (b) The empty divided detector
image indicating the three different sample (NW) signals (two
holograms and one CDI signal) recorded in a single measurement
(linear gray scale). (c) The intensity measurement with the sample
(NW) in the beam. This single measurement is used for the
sample reconstruction. The acquisition time was 5 s (logarithmic
color scale). (d) Outline of the RBI algorithm. D, D~! denotes the
near- and F, F~! far-field propagators, Ppp the pure phase and
Pm the magnitude constraint, p, the incident illumination
function, and MZP the transfer function of the MZP. Scale bars:

250 pixels corresponding to a scattering vector ¢ = 0.15 nm~".

distributions. Using this scheme, we experimentally dem-
onstrate sub-10-nm resolution and quantitative contrast of
the measured sample. We refer to the imaging scheme as
reporter-based imaging (RBI), because in contrast to the
conventional application of an objective lens to acquire a
sharp image of the sample, we use the MZP as a reporter of
the near field behind the sample, rather than trying to obtain
a sharp image in the detector plane.

Figure 1 illustrates the RBI scheme demonstrated exper-
imentally at the GINIX instrument [23] of the coherence

beamline P10 of the PETRA III storage ring (Hamburg,
Germany). In Fig. 1(a), the basic optical concept of RBI is
shown, with the sample in plane zg,, illuminated by a
coherent microfocus, with low divergence and a spot size
defining the FOV. The reporter structure, here composed of
a MZP with focal length f, is positioned behind the sample
in plane z.,. The MZP diffracts the incident beam, mostly
to the zeroth, —+first, and —first order. The zeroth order
corresponds to a conventional CDI signal (without MZP).
All signals are acquired by the same detector positioned in
the far field at z4.. Figures 1(b) and 1(c) show typical full-
field diffraction images of the sample corresponding to the
same exposure Fig. 1(b) with and Fig. 1(c) without empty
beam division. With [z4e — z.p| > f, the image plane of
the MZP (z;,,) is close to its focal plane. The distance of the
sample to the image plane (|z;,, — Zgam|) defines the defocus
distance for the coherent imaging scheme. In other words,
the MZP images the defocus plane onto the detector. This is
visible in the empty beam divided detector image shown in
Fig. 1(b). Two magnified near-field intensity distributions
(inline holograms) are recorded in different areas on the
detector at different effective defocus distances correspond-
ing to the +first (upper left corner) and —first (lower right
corner) MZP diffraction order. The spatial separation of
these signals on the detector is controlled by the off-axis
translation of the MZP, as illustrated in Fig. 1(a). In Fig. 1(c),
showing the undivided detector image (/,) on a logarithmic
scale (acquisition time 5 s), the diffraction of the incident
beam in the +first and —first order can be distinguished
based on the corresponding high-flux areas (color code
red). The concentric rings around the center are imprints of
the zones of the MZP. Altogether, the detector records three
different but complementary signals of the sample in a
single intensity measurement: a conventional CDI signal
visible around the center, and in addition, holograms of
the sample encoded in the divergent beams of the +first
and —first MZP diffraction orders. The data were acquired
at the following configuration and parameters: The undu-
lator beam was monochromatized by a Si(111) channel-cut
monochromator to a photon energy of 8 keV and focused
by beryllium CRLs with a divergence of 0.05 mrad to a spot
size of 3.0 x 3.7 yum?> (FWHM) defining the FOV. The
sample consisted of InP nanowires (NWs) with a diameter
of 200 nm and a length of 2.8 um, terminated by an Au tip
at one end, and was deposited on an SisN, window. The
distance between the sample zg,, and the MZP z., was
878 pum. The position of the sample was chosen to be close
but not equal to the imaging plane z;,,. A more detailed
discussion on the position zg,, can be found in the
numerical simulations of Ref. [24]. The MZP was com-
posed of 784 zones, an outermost zone width of 5 nm, and a
focal length of 530 ym [25]. The diameter of the MZP was
16.9 ym with an optical depth of 1.2 ym. The focus of a
similar MZP was characterized by ptychography in
Ref. [22]. The MZP was also mounted on an SizNy
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FIG. 2. (a) Ptychographic reconstruction of (a) the probe
amplitude and phase at z,, with a FWHM of the intensity
profile of 3.0 x 3.7 um? and (b) the MZP. The enlargements (c),
(d) show the radially decreasing zone widths. Scale bars: (a),(b)
2.5 pym; (c),(d) 250 nm.

window. The coherent diffraction patterns were recorded
with a single photon counting pixel detector (Eiger 4M,
Dectris Ltd. Switzerland) positioned at a distance of 5.05 m
behind the MZP, with 2167 x 2070 pixels and a pixel size
of 75 ym.

Figure 1(d) outlines the iterative RBI phase retrieval
algorithm operating on a single intensity measurement /,
of the sample, such as the one shown in Fig. 1(c). In
addition to the input /T, the probe function illuminating
the sample p, and the transfer function of the MZP were
used. po and the structure of the MZP were reconstructed
by a prior ptychographic scan without sample (see Fig. 2).
RBI is based on the propagation of the wave field y;
between the sample plane zg,, and the detector plane zge.
But unlike conventional approaches, the propagation is
performed not in a single step using a near- or far-field
propagator but in three substeps: (i) near-field propagation
(D) from zgy, to e, (w; = Dly;]), (ii) multiplication of
the reporter transfer function (z//} =y; x MZP), and
(iii) far-field propagation (F) to z4. (¥ = Fy]). The
three-step approach with applied knowledge in each field
builds upon the seminal work [26] to reconstruct a
divergent wave field and Ref. [27] for imaging. In both
cases, it has been shown that the use of multiple planes in
a single-shot approach is beneficial for phase retrieval.
As usual, compatibility with the measured data is assured in
Zge by applying the magnitude constraint: Py [¥] =
VI x W /|¥;]. The updated wave field (¥}) is backpro-

pagated using the inverse operations: (iii) y; = F - [P'],

(i)y; = WJ/MZP and () y; = [l//j]. In zg,,, the object
0; and probe function p are separated. The separation and
the update of o; is performed equivalent to the standard
extended ptychographic update function (ePIE) [28] as
written in Fig. 1(d), in combination with a pure phase
constraint Ppp, well justified for hard x-ray imaging of
nanomaterials such as NWs. The Ppp acts on o; as
Prplo;] = exp [ig(0;)]. Alternatively, depending on the
specific imaging problem, other object projectors could
be implemented such as range, support, shearlet (sparsity),
or homogeneous object constraints [29]. The updated object
(0j41) is multiplied with the initial (not updated) probe
function p, to generate the updated wave field y ;. for the
next iteration. Besides the ePIE update scheme of the wave
field, different approaches could be used such as alternating
projections (AP) [30] or the relaxed averaged alternating
reflector (RAAR) [31]. But importantly, for the
reconstruction of the object, the transfer function of the
MZP and the probe illumination function have to be known.
Both were obtained by ptychography before the single
frame acquisition of the sample.

In Fig. 2(a) the reconstructed probe and Fig. 2(b) the
phase of the reconstructed MZP are shown. The enlarged
regions in Figs. 2(c) and 2(d) show the radially decreasing
zone widths of the MZP. The pixel size of the reconstruction
is 5.2 nm. The probe illumination function in Fig. 2(a) shows
a nearly flat phase in the maximum and side maxima of only
low intensity. For the reconstruction, two ptychographic
scans (without the NWs) were recorded with 41 x 41 scan
positions, one with a beamstop and high photon flux and one
without but with a photon flux reduced by attenuators. The
acquisition time per point was 3 and 1 s for the scan without
and with beamstop, respectively. A customized ptycho-
graphic code based on the ePIE update approach [28]
was used. Both scans were used for the reconstruction of
the probe and the object in a combined scheme, alternating
between the wave field update using the detector image
without and with the beamstop. This approach was chosen
since the center beam contains primarily information of the
probe, whereas the different diffraction orders of the MZP
are recorded with a much higher signal-to-noise ratio using
no attenuators (with a beamstop).

Figure 3(a) shows the RBI reconstruction of the NWs.
Both NWs are resolved, including the Au tip at the end of
each wire. The blue circle indicates the area where the
intensity of the incident illumination falls below 10% of the
maximum intensity. This results in a lower contrast, as can
be seen by the Au tip of the left NW. One-hundred
iterations were already sufficient for the reconstruction.
Given the redundancy by the three diffraction signals, no
artifacts of detector gaps appear in the reconstruction. The
enlargement of the tip of the NW on the right side is
presented in Fig. 3(b). The round Au tip and the InP main
part are resolved. Below the transition from the Au tip to
the NW main part, a small change in contrast is visible,
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FIG. 3. (a) Reconstructed NWs using RBI using the detector

image shown in Fig. 1(d). The NWs have a 200 nm diameter and
an Au tip at one end. The blue circle indicates the area where the
relative intensity is below 10%. (b) Enlarged region of one NW
tip. (c) Error fit of the material edge indicated in (b), resulting in a
resolution (half-period) of 9.8 nm. (d) Line profile of the InP main
part of the NW and (e) of the Au tip compared with expected
phase shifts of a NW phantom. Scale bars: 250 nm.

resembling rings around the NW (indicated by two blue
arrows). With the current measurements, it is very plausible
that theses fringes are not a reconstruction artifact but an
effect of structural defects within the wires associated with
rotational twinning. The observed rings are similar in
appearance to scanning and transmission electron micros-
copy of similar InP NWs [32]. It should be noted that
rotational twinning does not change the electron density,
only the crystal structure. Although in coherent diffractive
imaging the differences in the phase shift are attributed to a
difference in the electron density, the diffraction of photons
by small features beyond the NA of the detector could
result in small variations in the reconstruction. The reso-
lution of the phase image is determined by an edge fit.
Since the NWs are cylindrically shaped objects, the steepest
edge of the NW is the transition of the Au tip to the InP
main part. The red rectangle in Fig. 3(b) indicates the
region of the edge fit. The result is shown in Fig. 3(c)
indicating a steepness (half-width at half maximum,
HWHM) and thus a resolution of 9.8 nm. In Figs. 3(d)
and 3(e), the phase shift of the reconstructed NW is
compared to the phase shift of a phantom model using
the NW design parameters to demonstrate that the phase
shift reconstructed by RBI is in quantitative agreement with
expectation, up to only a small deviation for the NW Au tip.

Next we discuss the RBI scheme, first in comparison to
conventional CDI, then to TXM, and finally to inline
holography. In comparison to CDI, RBI has the following

advantages: (I) Given the strong signals of the MZP
diffraction orders, the possible resolution is enhanced with
respect to the CDI signal without the MZP, which would be
limited to a smaller NA for weakly scattering samples.
(IT) The low and moderate spatial frequencies are encoded
not only in a few center pixels but are distributed over large
detector areas due to the magnification by the MZP
diffraction orders. The fact that the diffraction pattern is
not centrosymmetric (broken Friedel symmetry) results in
an enhanced “diversity” and allows the reconstruction of
extended samples without the necessity of a support mask.
Additionally, at least three different images of the sample
structure are encoded in a single diffraction pattern, the
+first and —first MZP diffraction orders and the CDI
signal. This gives a strong redundancy which can be
exploited for the reconstruction and can compensate miss-
ing information due to intermodular gaps and a beamstop.
In contrast to coherent modulation imaging [33], here we
redefine the purpose of the modulator by exploiting the
magnifying capabilities of the MZP given its outermost
zone width of 5 nm, as we had already suggested in
Refs. [24,34]. Thereby, we additionally relax the sampling
constraint and achieve a high magnification of the sample.
A comparison between a sample reconstructed with RBI and
reconstructed with conventional CDI, in equal configurations
is shown in the Supplemental Material [35]. Notwithstanding
the mentioned advantages of a reporter structure, it must be
noted that the corresponding absorption (in the reporter)
decreases the dose efficiency. By using a MZP with an optical
depth of only 1.2 um corresponding to an absorption of
13.1%, we keep this effect at a tolerable level.

In comparison to conventional (incoherent) TXM, RBI
has the following advantages: (i) The reconstruction from a
single detector image is not limited to either phase or
absorption contrast, and (ii) the reconstructed sample has a
quantitative contrast. (iii) The best possible resolution is not
solely defined by the NA of the reporter but by the
maximum diffraction angle which is recorded by the
detector. This is because in addition to the magnified near
field, the conventional CDI signal is also recorded. The
CDI signal may dominate at high angles for strongly
scattering samples and MZPs of moderate resolution.
(iv) The full signal of diffracted and nondiffracted photons
as well as positive and negative diffraction orders can be
used for phase retrieval, increasing photon efficiency
and reducing the sample dose. (v) Aberrations of the
MZP do not result in distortions of the reconstructed
sample structure. Note that unlike x-ray microscopes using
point-to-point imaging optics, the depth of field limit (of
the sample) can be extended using multislice approaches
similar to ptychography [41]. At the same time, we do not
want to conceal that TXMs are better suited for low
coherence and have demonstrated impressive imaging
results in material science with resolutions down to
10 nm in absorption contrast [4].
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Finally, a discussion of RBI compared to inline holog-
raphy. Inline holography is a phase-sensitive imaging
scheme that can cover large specimens and is due to its
dose efficiency well suited for imaging biological tissues
[19]. The resolution of holographic imaging is limited by
the source size of the illumination, which can be challeng-
ing with respect to wave front artifacts [42,43]. Novel
approaches which can achieve superresolution with respect
to the source spot NA depend on the application of
waveguide filtering [5]. Since a focused beam needs to
be coupled into the waveguide, typically with channel
dimensions below 100 nm, this scheme is not easily
implemented at FELs where high focus intensities could
damage the waveguide. Contrarily, the MZP optic of the
RBI scheme is illuminated over areas of several microm-
eters, resulting in lower peak intensities.

In conclusion, we have presented a novel coherent
diffractive imaging approach using a reporter structure
and achieving a sub-10-nm (half-period) resolution with
quantitative phase contrast. The scheme is based on the
coherent full-field illumination of a sample, a MZP posi-
tioned in the near field, and the recording of the diffraction
pattern in the far field. We have shown that a single
diffraction pattern recorded in this configuration encodes
at least three complementary sample signals, the +first
and —first MZP diffraction order and the CDI signal around
the center beam. By treating all signals in a common
reconstruction scheme, we have shown that the highest
recorded diffraction angle can be exploited for high reso-
lution, and the simultaneous presence of the positive and
negative diffraction orders for a robust reconstruction which
can be applied for isolated and nonisolated samples. By
using the MZP transfer function directly within the iterative
reconstruction scheme, we overcome limitations imposed by
aberrations or distortions of the reporter structure. Further,
sample to MZP distance allows for an additional control
parameter for contrast variation. Finally, we stress that RBI
does not require the use of point-to-point imaging optics as a
reporter. Instead, the diffractive reporter structure could be
favorably designed and generalized to a wider class of
diffractive optics suitable to report the wave field.
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