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Abstract

Lensless x-ray nanoimaging is providing 3D views of a wide range of materials with a spatial
resolution better than 10 nanometers. These advances are enabled in part by dramatic gains
in coherent x-ray flux, but they also rely on advances in signal processing to obtain images
from coherent diffraction data. We outline the scientific problems that can be addressed by x-
ray nanoimaging, the various imaging approaches, the associated reconstruction methods, and

highlight opportunities for future advances.

1 Introduction

We are in an era of tremendous advances in methods for 3D nanoimaging. Electron tomography
can be used to image nanoparticles at atomic resolution, but plural scattering effects begin to
degrade the achievable spatial resolution as the sample thickness approaches 1 um. In visible light
microscopy, sparse nanoparticles or switchable fluorophores can be localized to a few nanometers
in sample layers about 1 pum thick, while confocal and multiphoton microscopy can be used for
roughly 200 nm resolution on samples up to a few hundred micrometers thick. However, X rays

are unique in offering penetration through millimeter-sized samples combined with a relative lack of
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Figure 1: Coherent x-ray flux available from various multi-keV sources over time. The green marker
represents a standard x-ray rotating anode, the blue triangles represent dipole magnets at early
synchrotron light sources, and the red squares are for undulators at synchrotron light sources
(only a few representative facilities are shown; one can see a listing of all facilities worldwide at
www.lightsources.org). The actual flux utilized is often considerably lower due to finer spectral
filtering, beam delivery optics inefficiences, and other factors. Also shown is the trend of doubling
every 18 months, which is the scaling of Moore’s “law” for integrated circuit transistor count. Not
shown here is the coherent flux available from x-ray free-electron lasers, which offer even higher
flux; however, due to high intensity and low duty cycle they are often used for single-shot imaging
methods where the sample ends up destroyed.

plural scattering (see Figs. 2 and 3 of [1]), and nanometer-scale wavelengths to enable high spatial
resolution [2]. The development of ever-improving synchrotron light source facilities means that
the available quasi-time-continuous coherent x-ray flux has been increasing for decades at a rate
similar to Moore’s law in electronics, as is shown in Fig. 1. High coherent flux has enabled a push in
spatial resolution to below 10 nm [3] by providing sufficient photons for imaging fine, low-contrast
features. Additional increases will allow for faster imaging, increased field of view, and the ability to
go from imaging single example specimens to gaining statistically significant insights from multiple
specimens.

Much excellent work in x-ray nanoimaging is done using lenses such as Fresnel zone plates [4] or
grazing incidence mirrors with multilayer coatings [5]. However, while x-ray optics are reaching 10
nm spatial resolution in some examples, they still have very low numerical aperture, field of view, and
efficiency (often below 10%). One can largely bypass these optics-imposed limits through imaging
based on the collection of far-field diffraction intensities, where one replaces the lens with a computer

to form the image of the sample. In these coherent diffraction imaging methods [6], the detector



pixel size can be tens of micrometers, so that one can use direct detection in semiconductors for
high efficiency and frame rate. Together, these advances in lensless x-ray nanoimaging are creating
unprecedented opportunities for nondestructive studies in a wide range of fields as will be described
in Sec. 2, with a few examples shown in Fig. 2.

These advances come with challenges and, therefore, new opportunities in signal processing
for image reconstruction. X rays are ionizing radiation, and basic models of imaging [1] imply
that 10-nanometer-scale imaging involves imparting a radiation dose near 10° Gray (Joules/kg);
while this is tolerated by most materials science specimens and even by biological specimens when
cryogenic imaging conditions are employed, it still means image reconstruction must deal with
limited photon statistics. The combination of fine transverse resolution and high thickness demands
3D imaging, often with practical limits on the number of illumination directions when performing
tomography. High coherent flux provides the opportunity to study dynamic changes in radiation-
tolerant specimens, such as the flow of lithium in battery charge cycles [3]. Most methods require
scanning and rotating the specimen in the coherent beam, both of which are challenging at the
nanometer length scale; therefore, image reconstruction methods must account for errors between
the assumed and actual scanned positions and angles. Both phase and absorption contrast must
be accounted for, with phase contrast increasingly dominant as the photon energy increases above
1 keV. Energy tunability can be used to carry out imaging around x-ray absorption near-edge
resonances, giving the ability to see changes in the chemical binding state of many elements. Most
importantly, when collecting diffraction intensities one has the magnitude but not the phase of the
far-field wavefield, so phase retrieval methods must be used to recover the wavefield, and from that
the object’s optical transmissivity and thus its structure.

We outline here the opportunities for insights into materials that lensless x-ray nanoimaging can
provide. Realizing these opportunities will require advances in signal processing for reconstructing
2D and 3D images using far-field coherent diffraction data. Our goal is to summarize some of the
important milestones rather than providing a comprehensive list of advances in the field. While
the original approaches were based on physics intuition, numerical optimization methods have been
introduced which now provide sufficient flexibility to handle the complicating factors listed above,
as well as incorporating a priori knowledge and assumptions regarding the experiment and the
material under study. In fact, signal processing loops back to allow one to re-think the design of the

experiment, creating revolutions and opportunities in nanoscale imaging.



Figure 2: Lensless x-ray nanoimaging has impact on a wide range of scientific disciplines. At
left is shown a frozen hydrated alga cell imaged in 2D at 18 nm resolution [7], including a single
cup-shaped chloroplast (Ch) and a number of other organelles: pyrenoid (Py), nucleus (N), starch
granule (Sg), andpolyphosphate bodies (Ph). The image in the middle shows the metallization
layers from an integrated circuit imaged in 3D at 19 nm resolution, with the ability to carry out
multiscale analysis [8] (Image courtesy M. Holler, Paul Scherrer Institut, Switzlerland). At right is
shown a InGaAs nanowire imaged by multiangle Bragg projection ptychography with 50 nm spatial
resolution in 3D and 2.6 nm resolution along the wire axis, where the stacking defects and strain
can be mapped in 3D [9].

2 Imaging challenges in materials science

The ability of X rays to penetrate thick samples while also enabling high spatial resolution enables the
study of hierarchical materials. A classic example is bone, which combines nanoscale arrangements
of collagen and mineralized tissue with macroscopic changes in organization [10]. Integrated circuits
offer another example [8] as shown in Fig. 2, since they have nanoscale arrangements of oxide layers
at transistor gates but an overall organization that can extend to millimeters. Multiscale imaging
is also required to study improved, low-carbon-emission cements [11], improved alloys for strong,
lightweight structural materials [12], new materials for microelectronics [13], and functional materials
such as for energy storage and conversion [14].

X-rays can also be used to provide important spectroscopic information within images. Outer-
lying electron orbitals can be affected by the binding state of an element as well as by spin interactions
in magnetism, so by tuning onto a resonance for exciting inner-shell electrons to these orbitals one
can look at changes in iron atoms as lithium atoms move during battery cycling [3], changes in carbon
binding in organic photovoltaics [15], and internal domains in magnetic materials with ptychographic
tensor tomography (where one obtains per-voxel measurements not just of a single variable like
electron density, but multiple variables such as magnetic domain strength and orientation) [16].

When studying beam-sensitive materials like biological cells and tissues, radiation damage is a
significant consideration. Especially for hydrated organic materials, cryogenic sample preparation
and imaging conditions offer both the preservation of elemental content and structural detail in a

close-to-living state, and sufficient radiation damage resistance to obtain high-resolution images as



shown in Fig. 2(a). When the coherent beam is focused to a sufficiently small spot, one can collect
not just the far-field diffraction pattern as required for ptychography but also x-ray fluorescent
photons, allowing for simultaneous imaging of intrinsic elemental distributions [7].

The above examples involve absorption and phase modulation of the transmitted x-ray beam by
the material under study. However, ptychography can also be carried out on the beam that is Bragg
diffracted from a crystalline domain [17], with an example shown in Fig. 2. Applications include the

study of strain distribution in semiconductors, which affects electron mobility.

3 Image reconstruction models and algorithms

Regardless of the application area or the material type, the imaging process requires solving a set
of inverse problems such as phase retrieval or those that arise in tomography for reconstructing the
sample from raw measurements. Over the past few decades, both ptychographic phase retrieval
and tomographic image reconstruction methods have advanced in parallel, however, today we are
seeing a merger of these two techniques for materials imaging, especially for 3D applications. The
image reconstruction problem in this setting boils down to reconstructing the sample from a set
of detector intensities collected at different scan positions and beam directions. This involves the
phase retrieval problem, which aims to recover the missing phases of the recorded data from diffrac-
tion plane magnitudes, and the tomography problem, which aims to recover the sample from its
projections (usually represented by retrieved phases). While there are numerous methods to solve
these problems, here we mostly highlight the approaches that have demonstrated massive success in

practical applications, and in turn revolutionized materials science.

3.1 Classical methods in coherent diffraction imaging

Motivated by protein x-ray crystallography to determine the atomic structure of biomolecules, early
methods focused on recovering the phase of the wave from a single diffraction pattern measurement.
When a small sample can be isolated on a transparent membrane and the forward-scattered coherent
diffraction pattern is collected [18], or when a small crystalline domain produces coherent diffrac-
tion about a Bragg peak [19], one has the most basic form of CDI. The corresponding problem of
recovering a signal from the magnitude of its Fourier transform requires solving nonlinear equations
of the form d = jF |, where d is the far-field diffraction magnitude measurements, F is the Fourier
transform, and  is the unknown signal (complex wave) that represents the sample’s 2D transmission

function (see Fig. 3 for the illustration of the measurement process).



Figure 3: lllustration of the measurement process. A coherent beam of x-rays is modulated by the
sample's transmission functiong as a result of the traversing through the samplef . The modulated
signal is then propagated in free space to the detector{plane at the far eld to measure signal
amplitudes, which can be expressed throughl = jF j. When the sample is smaller than the beam
width, one has the most basic form of CDI and no scanning is required, however for imaging large
or thick samples, one can collect data at multiple beam positions and sample rotations . The
scanning process can be expressed by= Q:g, where Q; is the beam at positiont, andg= R f is
object's 2D projection (or transmission function) along the beam path at rotation angle .

A particularly successful approach to solving for is based on the Gerchberg{Saxton algorithm
[20], leading to derived methods known as the error reduction (ER) and hybrid input-output (HIO)

algorithms [21]. These methods attempt to solve the following feasibility problem:

nd some 2 O\ D; Q)

whereO and D are sets that satisfy speci ¢ signal constraints in objectO (sample) and dataD spaces.
Because the phase information is missing in measurement data, additional constraints are necessary
to pick the desired solution among in nitely many solutions that agree with the measurement data.
The approach requires alternating between feasible points in the set® and D until we reach a xed
point. In each iteration, we choose the locally optimal solution in each set among all locally optimal

solutions. For example, the ER algorithm tries to solve the problem recursively by computing

n+1 PO PD n (2)



