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Abstract—For centuries, lens-based microscopy, such as optical,
phase-contrast, fluorescence, confocal, and electron microscopy,
has played an important role in the evolution of modern science
and technology. In 1999, a novel form of microscopy, i.e., coherent
diffraction imaging (also termed coherent diffraction microscopy
or lensless imaging), was developed and transformed our conventional view of microscopy, in which the diffraction pattern of a
noncrystalline specimen or a nanocrystal was first measured and
then directly phased to obtain a high-resolution image. The wellknown phase problem was solved by combining the oversampling
method with iterative algorithms. In this paper, we will briefly discuss the principle of coherent diffraction imaging, present various
implementation schemes of this imaging modality, and illustrate its
broad applications in materials science, nanoscience, and biology.
As coherent X-ray sources such as high harmonic generation and
X-ray free-electron lasers are presently under rapid development
worldwide, coherent diffraction imaging can potentially be applied
to perform high-resolution imaging of materials/nanoscience and
biological specimens at the femtosecond time scale.
Index Terms—Ankylography, coherent diffraction imaging
(CDI), equally sloped tomography (EST), high harmonic generation (HHG), lensless imaging, oversampling, phase retrieval, X-ray
free-electron lasers (XFEL).

I. INTRODUCTION
ICROSCOPY has found broad application in both physical and life sciences. By using novel imaging technologies and labeling techniques, optical microscopy can routinely
study dynamic processes in living cells [1]. The resolution of
optical microscopy (∼200 nm) is limited by the wavelength
of the photons in the visible region of the spectrum, although
better resolutions (of up to 20 nm) may be obtained in some special cases by using super-resolution optical microscopy [2], [3].
To achieve considerably higher resolution, both shorter wavelength illumination and higher resolution lenses are required.
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Using magnetic lenses, transmission electron microscopy can
achieve atomic resolution, but the sample has to be thinner than
50 nm [4]. For the study of surface structures, scanning probe microscopy is the predominate method and can routinely achieve
atomic scale resolution [5]. To probe the structures below the
surface of thick samples, X-ray imaging is the method of choice
because X-rays have a longer penetration depth than electrons.
However, X-rays are more difficult to focus than electrons. The
highest image resolution currently achievable by X-ray optics
is around 10–15 nm [6], [7].
One way to overcome this resolution barrier is to use coherent diffraction imaging (CDI) in which the diffraction pattern of a noncrystalline specimen or a nanocrystal is first measured and then directly inverted to obtain a high-resolution
image [8]. The well-known phase problem is solved by combining the oversampling method [9] with iterative phase-retrieval
algorithms [10]–[16]. While the idea of CDI was suggested by
Sayre [17], it was not until in 1999 that the first experimental
demonstration was conducted by Miao et al. [8]. CDI has since
been applied to imaging a wide range of materials science and
biological samples such as nanoparticles, nanocrystals, biomaterials, cells, cellular organelles, and viruses by using synchrotron
radiation [18]–[44], high harmonic generation (HHG) and soft
X-ray laser sources [45]–[49], free-electron lasers [50]–[53],
and electrons [54]–[59]. An increasing number of groups have
been working in this field, and several review articles have been
published [60]–[67]. In this paper, we will mainly focus on the
CDI methodology and its applications with X-rays. For those
who are interested in coherent electron diffraction imaging as
well as synchrotron X-ray holography, refer to the publications
elsewhere [54]–[59], [68], [69].
II. SOLUTION TO THE NONCRYSTALLOGRAPHIC
PHASE PROBLEM
In 1952, Sayre suggested in a short paper that by measuring
the intensity of a diffraction pattern between the Bragg peaks,
the lost phase information of the scattered wave might be recovered [70]. This idea was based on the fact that the autocorrelation function of an object is exactly twice the size of the
object. In 1978, following Gerchberg and Saxton’s work [71],
Fienup developed two iterative algorithms for retrieving phases
from the Fourier modulus [10], [11]. However, it was not clear
at that time why the phases can be retrieved from the Fourier
modulus. Subsequently, Bruck and Sodin [72], Hayes [73], and
Bates [74] concluded that when the diffraction pattern of a multidimensional (≥2) object is sampled at least twice finer than the
Nyquist frequency in each dimension, the phases are uniquely
encoded inside the diffraction pattern, except for some special
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and trivial cases. This is synonymous with saying that, in order
to make the phases retrievable, the diffraction pattern has to be
oversampled finer than the inverse of the sample size at least by a
factor of 2 in each dimension. In 1998, Miao et al. demonstrated
that it is unnecessary to oversample the diffraction pattern by
twice in each dimension for successful phase retrieval of 2-D
and 3-D objects [9]. Based on numerical experiments of both
noise-free and noisy data, they proposed that when the number
of measured independent (i.e., non-centro-symmetrical) intensity points is more than the number of unknown variables, the
phases can in principle be retrieved from diffraction intensities
alone [9], [75]. This was later confirmed by experimental results [76]. Therefore, the conclusion by Bruck, Sodin, Hayes,
and Bates is overly restrictive and only represents a subclass of
the general solution to the noncrystallographic phase problem.
To quantify the phase-retrieval method, a parameter termed the
oversampling ratio σ was introduced [9], as shown (1) at the
bottom of this page.
When σ > 2, the number of measured independent intensity
points is more than the number of unknown variables, and noncrystallographic phase problem is in principle solvable in 2-D
and 3-D cases [9], [75].
To retrieve the phases from the oversampled diffraction patterns, Fourier-based iterative algorithms have been widely used
[10]–[16]. These algorithms typically include the following four
steps. 1) A random phase set is combined with the measured
Fourier modulus (i.e., square root of the diffraction intensity).
By applying the inverse fast Fourier transform (FFT), a realspace image is obtained. 2) A support is defined for the image:
the electron density outside the support and the negative electron density inside the support are pushed close to zero, and an
updated image is obtained. 3) The Fourier modulus and phases
are calculated by applying the FFT to the updated image and
the new Fourier modulus is replaced with the measured one,
while the new phases remain unchanged. 4) An updated image
is obtained by applying the inverse FFT to the assembled Fourier
modulus and phases. During this process, an error metric is used
to monitor the convergence of the iterative algorithm, defined
as the total electron density outside the support divided by the
total density inside the support, or the difference between the
measured and calculated Fourier modulus. The algorithm is terminated when no further improvement can be made. To date, a
number of iterative algorithms have been developed, including
the hybrid input–output [10], [11], error reduction [10], [11],
difference map [12], guided hybrid input–output [13], shrink
wrap [14], hybrid projection reflection [15], and relaxed averaged alternating reflectors [16].
III. CDI METHODS
Although the principle of CDI is simple and elegant, the
experimental realization of CDI faced several obstacles. First,
compared to the diffraction intensity of a sizable crystal, the
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Fig. 1. Principle of CDI where a coherent wave illuminates an object and the
oversampled diffraction pattern is measured by an area detector. An image is
reconstructed from the diffraction pattern by using an iterative algorithm.

diffraction pattern of a noncrystalline specimen or a nanocrystal
has a much weaker intensity distribution. Second, the incident
beam has to be coherent and the coherence length required is
related to the oversampling ratio of the diffraction pattern [9],
[19]. Third, compared to the real-space image, the diffraction
intensity has a much larger dynamic range (typically spanning
a few orders), making the data acquisition a challenging task.
Fourth, in order to measure high-quality diffraction patterns,
area detectors with both a high dynamic range and high quantum
efficiency are required. Fifth, as the intensity of the direct beam
is much higher than the diffracted intensity, a beamstop has to be
used to block the direct beam. The missing intensity at the center
due to the beamstop represents the low-frequency information,
and is critical to the phase-retrieval process. Finally, although
the oversampling method with iterative algorithms works well
for simulated data, it is more difficult for experimental data due
to the presence of different sources of noise.
Notwithstanding these challenges, in 1999 Miao and colleagues made several experimental advancements to overcome
these obstacles [8]. To generate a coherent incident beam,
they inserted a 10 μm pinhole in front of the sample at an
undulator beamline tuned to a wavelength of 1.7 nm at the
National Synchrotron Light Source. The diffraction patterns
were measured by a back-thinned, liquid-nitrogen-cooled
charge-coupled device (CCD) camera that has high quantum
efficiency at these wavelengths and very low read-out noise.
To enhance the dynamic range and the signal-to-noise ratio
of the diffraction pattern, they accumulated a large number
of patterns at the same sample orientation and then summed
them up. To overcome the missing center problem, they used
an optical microscope (low-resolution) image of the specimen,
and filled in the missing intensity with the Fourier modulus
calculated from the low-resolution optical image. Note that the
missing center problem was later solved without the need of
lower resolution images [25].
Fig. 1 shows the principle of CDI, where a coherent wave
illuminates an object, and an oversampled diffraction pattern of
the object is measured by an area detector such as a CCD or a
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pixilated array detector. By using iterative algorithms described
earlier, the structure of the object is reconstructed from the
diffraction pattern. Over the past few years, CDI has evolved
into different methods which we classify here for convenience
of discussion into four broad categories. The first is denoted
plane-wave CDI, in which a plane wave illuminates a finite
object and the far-field diffraction pattern is measured [8]. The
oversampling ratio of the diffraction pattern is determined by the
wavelength of the incident beam, the sample size, the distance
between the sample and the detector, and the detector pixel
size [9], [76]. In order to obtain a 3-D dataset, the sample has to
be rotated around a tilt axis and a sequence of 2-D diffraction
patterns measured at different sample orientations. Compared to
other methods, plane-wave CDI has the following advantages.
1) As long as the sample is kept within the illumination area,
the method is insensitive to sample vibration. 2) It is relatively
straightforward to acquire 3-D datasets and perform 3-D image
reconstructions. 3) The diffraction intensity from the sample is
not contaminated by Poisson noise in both the direct beam and
the diffraction intensity from upstream optics as the direct beam
is blocked by a beamstop and the diffraction from the optics
is mostly removed by a pair of corners with beveled edges
[77]. 4) It can be implemented in single-shot experiments with
intense coherent X-ray sources. This may explain why planewave CDI has achieved the highest spatial resolution (∼2 nm)
[78], [79] and has thus far been applied to determine most of
the 3-D structures [19], [25], [28], [30], [35], [39], [40]. The
main drawback of this method is the requirement of isolated
objects.
The second method is termed scanning or ptychographic
CDI [31], [32], [42], [44], in which a circular aperture or focusing optics is used to define an illumination probe. By scanning the sample across the illumination probe, a sequence of
2-D diffraction patterns is acquired with each pattern overlapping with its neighboring ones. This overdetermination, i.e.,
increasing the number of the measured intensity points than
the unknown variables [9], can improve the convergence of the
phase-retrieval process. The advantages of scanning CDI lie
in 1) its applicability to extended objects; 2) the reconstruction of both the probe and the object simultaneously; and 3)
the fast convergence of the algorithm. Compared to plane-wave
CDI, however, scanning CDI has the following drawbacks: 1)
each projectional image in a 3-D dataset requires a 2-D scan
of the X-ray probe and any sample vibration may degrade the
3-D resolution; 2) for weak scatters such as biological samples,
the high-resolution signal from the sample may be contaminated by the Poisson noise in the illumination probe; and 3)
the interaction between the probe and the sample along the
beam direction and the curvature of the Ewald sphere make the
3-d reconstruction become more challenging especially at high
resolution.
The third method, denoted Bragg CDI [18], [20], [26], [38],
[63], is mainly used for structure studies of nanocrystals. When
a coherent X-ray wave illuminates a nanocrystal, the diffraction intensity distribution at each Bragg reflection is related
to the shape function of the nanocrystal and the strain inside
the nanocrystal. If multiple diffraction patterns around a Bragg
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reflection are acquired, both the 3-D shape function and the internal strain field of the nanocrystal can be obtained. With the
measurement of three or four Bragg peaks, the full strain tensor
can be determined. Compared to other CDI methods, Bragg CDI
is unique in that it enables us to determine the 3-D the strain tensor and ion displacement inside nanocrystals at the nanometer
scale resolution.
The fourth method is called Fresnel CDI (FCDI) [27], in
which a focusing optics such as a zone plate is used to create
a curved wave front to illuminate a sample. The illumination
function of the probe needs to be retrieved beforehand in order
to image the sample. A detector measures two types of patterns
from the sample: a diffraction pattern at higher scattering angles and an interference pattern or hologram at lower scattering
angles. The hologram is formed by the interference between the
curved incident wave (which has expanded after being focused)
and the scattered wave from the sample. The two patterns can
be combined into a single pattern for the retrieval of the sample structure at high resolution. The main advantages of this
method are 1) its rapid convergence due to the curvature of the
incident wave and 2) the ability to image a subregion in an
extended sample with a single view. On the other hand, FCDI
requires that the sample be very stable relative to the incident
beam. Recently, FCDI has also been applied to the scanning of
a continuous sample [29], [80]. This technique, called keyhole
diffractive imaging, adds advantages in that the field of view
can be zoomed in or out by changing the position of the sample
with respect to the beam focus.
IV. APPLICATIONS WITH SYNCHROTRON RADIATION
The four CDI methods described in Section III have been
widely used to image and characterize materials and biological
samples [18]–[53]. To date, most of the CDI experiments have
been performed on third-generation synchrotron radiation facilities. Here, we present a few examples to illustrate the power,
the unique capabilities, and the potential of CDI.
A. Revealing the GaN–Ga2 O3 Core Shell Structures in 3-D
GaN and the related wide band gap III–V nitride semiconductors have broad applications in electronic and optical device
such as blue/green lasers and flat panel displays [81]. The ability
to characterize the 3-D morphology and the 3-D internal structure of the nitride semiconductor materials at the nanometer
scale is important to further our understanding of those materials and their functions. Plane-wave CDI has been used to
perform 3-D imaging of GaN quantum dot particles [25], [28],
which was heat-treated in a flowing stream of pure N2 gas at
900 ◦ C for 24 h. A set of 31 oversampled X-ray diffraction patterns were collected from a single GaN nanoparticle using an
undulator beamline at SPring-8 with 5 keV X-rays. Phase retrieval of the diffraction patterns was conducted by the guided
hybrid input–output (GHIO) algorithm [13], and 3-D image reconstruction was computed by the equally sloped tomography
(EST) method [82]–[85]. Compared to Fourier-based 3-D phase
retrieval [19], [35], [39], the combination of 2-D phase retrieval
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Fig. 2. Isosurface renderings of a reconstructed GaN quantum dot nanoparticle, showing (a) front view, (b) back view, and (c) side view. The platelet-like
structures and the formation of small islands on the surface of the particles are
visible (d) 3-D internal structure of the GaN quantum dot particle, where the
z-axis is perpendicular to (a) front view and points outward. The 3-D GaNGa2 O3 core shell structure is clearly visible where the low electron density corresponds to β-Ga2 O3 and the high density corresponds to the GaN
cores. [28].

with EST has proved to be more effective when there is a limited
number of diffraction patterns [28], [40].
Fig. 2 shows the reconstructed 3-D image of the GaN nanoparticle, where Fig. 2(a)–(c) represent the front, the side, and the
back view of the particle, respectively. A distinctive feature of
the particle is the platelet-like structures and the formation of
small islands on the surface of the particle due to the surface
oxidation of GaN platelets after the heat treatment. Fig. 2(d)
shows 20 slices with each slice of 17 nm thick, sectioning
through the GaN nanoparticle. The colors in the slices represent the different electron density: red represents the higher
density, yellow the medium density, and blue the lower density. Fig. 2(d) shows that the higher density—concentrated near
the center of the platelets—is surrounded by the lower density. It was concluded that the lower density is β-Ga2 O3 and
the higher density GaN [28]. The observation of the 3-D internal structures of the heat-treated GaN particles provides the
direct evidence of the existence of GaN–Ga2 O3 core shell
structures, which is not easily accessible by other imaging
techniques.
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Fig. 3. (a) Schematic layout of Bragg CDI with multiple Bragg reflections
from a ZnO rod. (b) Slice of the reconstructed 3-D ion displacement field inside
the ZnO rod in which the direction of each arrow indicates the direction of
the displacement and the size of each arrow indicates the magnitude of the
displacement. [38].

B. 3-D Imaging of Strain Inside Nanocrystals
The ability of 3-D imaging of the ion displacement and strain
inside nanocrystals has important implications in designing future materials and making new devices. Bragg CDI, pioneered
by Robinson et al. in 2001 [18], offers the unique capability of
mapping out the full strain tensor inside nanocrystals at nanometer scale resolution. Fig. 3(a) shows a schematic layout of Bragg
CDI with multiple Bragg reflections from a single ZnO rod [38].
The experiment was conducted at the Advanced Photon Source
using a wavelength of 1.42 Å. By carefully rotating the ZnO rod,
oversampled X-ray diffraction patterns were measured at six
Bragg reflection directions, which are related to both the shape
function of the rod and the strain inside the rod. By using the iterative algorithm described in Section II, the diffraction patterns
were inverted into two parts: the reconstructed magnitudes and
phases. While the reconstructed magnitudes correspond to the
shape of the rod, the phases are related to the 3-D ion displacement inside the rod. This ion displacement information can be
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used to construct the strain tensor. Fig. 3(b) shows a slice of
the 3-D ion displacement field inside the ZnO rod in which the
direction of each arrow indicates the direction of the displacement and the size of each arrow indicates the magnitude of the
displacement [38]. Although the resolution of Bragg CDI is currently around 40 nm, utilization of more brilliant X-ray sources
will be able to significantly improve its spatial resolution.
C. Quantitative 3-D Imaging of a Yeast Spore Cell
Cryoelectron tomography is the method of choice for highresolution 3-D imaging of biological structures, but it is only applicable to thin or sectioned specimens (typically ≤0.5 μm) [86],
[87]. Compared to electrons, X-rays have a longer penetration
depth and can be used to image thicker biological samples. However, X-rays are more difficult to focus [88]. For biological specimens, the highest resolution achievable using lens-based X-ray
microscopy is around 30–50 nm [89]. One way to overcome the
resolution limitation is to employ CDI. Over the past few years,
CDI has been applied to image whole cells, cellular organelles,
viruses, and biomaterials [21], [24], [30], [33]–[37], [40]–[42],
and a highest resolution of 10–15 nm has been achieved on biological samples [41].
Here, we illustrate an example on 3-D quantitative imaging
of a Schizosaccharomyces pombe yeast spore cell [40]. The
spore cells were fixed with formaldehyde and glutaraldehyde
and then air-dried. By tilting a yeast spore cell along a rotation
axis, a series of 25 X-ray diffraction patterns were measured.
The limited number of diffraction patterns is due to the concern
of radiation damage to the sample. The phase retrieval and 3-D
image reconstruction were performed by using the GHIO algorithm [13] and the EST method [82]–[85]. Fig. 4(a) shows a
volume rendering of the reconstructed 3-D image, in which the
nucleus is in orange, the endoplasm reticulum (ER) in green,
the vacuole in white, the mitochondria in blue, and the granules
are in light blue. Fig. 4(b) shows a zoomed view of the mitochondria, the ER, and the nucleus. The mitochondria with an
elongated shape have relatively high density. The network-like
structure of the ER, composed of fibril-like structure connecting the nucleus and the spore membrane, was visualized. The
nucleus has a high density, and a region near the center of the
nucleus has the highest density in the cell, which is likely the
nucleolus [see Fig. 4(b) inset]. Fig. 4(c) shows the 3-D structure
of the vacuole with an irregular 3-D morphology. The crosssectional image (see Fig. 4(c), inset) indicates the existence of
high-density spots inside the vacuole, which may be vacuolar
granules and aggregation of proteins. A thin slice of the reconstructed yeast spore and a line scan across the slice are illustrated
in Fig. 4(d) and (e), respectively, showing the density variation
across a mitochondrion and the vacuole. This experiment indicates the potential of quantitative 3-D imaging of a wide range
of cells and cellular structures at nanometer-scale resolutions
that are too thick for electron microscopy.

Fig. 4. 3-D quantitative imaging of a Schizosaccharomyces pombe yeast spore
cell. (a) Volume rendering of the reconstructed yeast spore, showing nucleus
(orange), ER (green), vacuole (white), mitochondria (blue), and granules (light
blue). Scale bar is 500 nm. (b) Zoomed view of the 3-D morphology and structure
of the nucleus, ER, and mitochondria. Inset shows the nucleolus (orange). Scale
bar is 200 nm. (c) 3-D morphology and structure of the vacuole. Inset shows a
cross-sectional image of the vacuole. Scale bar is 200 nm. (d), (e) A thin slice
of the reconstructed yeast spore and a line scan along the dashed line, showing
the density variation across a mitochondrion and the vacuole. [40]

resolution of CDI is ultimately limited by radiation damage to
the specimens [90]. Using cryogenic technologies, the radiation
damage effect can be mitigated, and a 3-D resolution of 5–10 nm
is likely achievable [91], [92].
Although the cryogenic technologies have been widely used
in cryoelectron microscopy (cryo-EM) and soft X-ray microscopy, their application to CDI has recently been initiated. To
date, two groups have successfully reconstructed the structure
of frozen-hydrated cells: one on D. radiodurans bacteria [37]
and the other on a Saccharomyces cerevisiae yeast cell [36].
Fig. 5(a) shows the differential-interference-contrast image of
a yeast cell. The cells were plunge-frozen in liquid ethane to
minimize ice crystal formation. X-ray diffraction patterns were
measured from the frozen-hydrated yeast cells using a soft X-ray
undulator beamline at the Advanced Light Source with a wavelength of 2.38 nm. A reconstructed image is shown in Fig. 5(b),
which represents a projectional view of a cell. Since the cell is
3-D, the internal structure of the cell is not clearly visible in the
projectional image. In order to identify the cellular organelles
and other structure inside the cell, 3-D image reconstruction
(described in Section IV-C) is required. Nevertheless, this experiment [36], along with the CDI experiment on D. radiodurans
bacteria conducted at the Europe Synchrotron Radiation Facility [37], indicates that the cryogenic technologies can be used
to significantly reduce the radiation damage effect in coherent
X-ray diffraction imaging of biological specimens.

D. Imaging of a Frozen Hydrated Yeast Cell

V. APPLICATION WITH TABLETOP SOURCES: HIGH HARMONIC
GENERATION AND SOFT X-RAY LASERS

By avoiding the use of lenses, CDI overcomes the resolution
barrier set by the X-ray optics. For biological specimens, the

While CDI has proven to be a powerful and rapidly developing
technique, a limitation to further development and application
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Fig. 5. Coherent diffraction image of a frozen-hydrated yeast cell. (a)
Differential-interference-contrast image of a yeast cell in which the arrow indicates the assumed direction of the incident X-ray beam. (b) Reconstructed
image of a frozen-hydrated yeast cell in which the red arrow indicates a possible mitochondrion. [36].

has been the availability of coherent X-ray sources. Competitive
“beam time” at third-generation synchrotrons and newer free
electron facilities has limited the number of groups that are
currently working on the CDI techniques. This roadblock is
of particular concern in potential areas of application such as
cellular biology or materials science where many times it is not
feasible to take necessary laboratory equipment to larger light
sources. However, the past two decades have seen the emergence
of bright, tabletop sources of coherent extreme ultraviolet (EUV)
and soft X-ray radiation (SXR) that produce wavelengths from
a few nanometers to 100 nm wavelengths [93], [94].
A. Coherent Tabletop Soft X-Ray Sources
Although producing radiation at longer wavelengths
(1–50 nm), tabletop sources such as HHG and SXR lasers
can produce as much coherent flux as undulator beamlines
from third-generation synchrotron radiation sources [93]. The
rapid development of tabletop short-wavelength sources has
largely been brought about by the increasing pulse energy and
decreasing pulse duration of commercially available ultrafast
lasers. Ultrafast lasers in the optical and near-IR wavelength
range with approximately 10 s of femtosecond pulse durations
(10−14 s) and terawatt (1012 W) peak powers are widely available [95]. These intense laser pulses enable the processes that
the most successful tabletop coherent X-ray sources utilize: nonlinear upconversion through HHG and gain in highly ionized
plasmas for soft X-ray lasers [94], [96], [97].
While a wide variety of tabletop X-ray sources exist, such as
simple X-ray tubes, laser plasma sources, solid-target HHG, betatron radiation, and laser-driven free-electron lasers [98]–[102],
only two sources have had sufficient coherent flux to enable
coherent X-ray imaging [45]–[49], [103]–[108]. Soft X-ray
lasers are produced in a highly ionized, dense plasma where
a population inversion, and thus gain, can occur on an ionized
electronic transition (such as neon-like argon or nickel-like silver) [94], [97], [109], [110]. The plasma is created and the lasing
transition is “pumped” either electrically by a fast electrical discharge through an argon filled capillary [111] or by an intense
ultrafast laser irradiating a solid target [112]. These lasers can
receive enough population inversion that gain saturation can be
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achieved in a single-pass laser geometry. While these lasers provide extreme temporal coherence (or monochromaticity) of up
to λ/Δλ = 105 , their spatial coherence is limited due to their
single-pass nature with no laser cavity. However, full spatial
coherence has been demonstrated by seeding the lasers with
a spatially coherent source [113], [114]. Still, achieving gain
saturation enables high pulse energies in nanosecond pulses
(∼millijoules for 46.9 nm Ne-like Ar gas lasers and microjoules
for solid target lasers with >10 nm wavelength). Due to the
longer, nanosecond, pulse duration of traditional SXR lasers,
truly ultrafast time-resolved CDI has not been a possibility. Another limitation of current tabletop SXR sources has been their
limitation to longer wavelengths (>10 nm) due to the demanding pump power requirements that scales as 1/λ4 [94], [97].
An additional attractive tabletop source for coherent imaging is phase-matched HHG that has demonstrated full spatial
and temporal coherence and scalability to shorter wavelengths
(down to 1 nm) [105], [135]. HHG can be thought of as the coherent equivalent of a Roentgen X-ray tube. The nonlinear upconversion of optical or IR photons into the EUV and SXR regions
is described semiclassically by a three-step model [115], [116].
First, an ultrafast intense laser incident on a gas target ionizes
the gas atoms. Second, the ionized electron is accelerated away
from the parent ion by the laser electric field. Finally, a half
period later, the oscillating laser electric field switches direction
and the electron is accelerated back toward the parent ion where
it can give up the gained kinetic energy as a high-energy photon.
The HHG process produces a comb of odd harmonics that can
span out to the hundreds of electron volts photon energy in the
so-called cutoff region. The maximum photon energy of these
cutoff photons is given by

Ecutoﬀ = hν = Ip + 3.2 Up (Up ∝ Ilaser λ2 )

(2)

where h is Plank’s constant, ν is the photon frequency, Ip is
the ionization potential of the electron, Up is the pondermotive
energy of the accelerated electron which is proportional to the
peak laser intensity Ilaser and the square of the driving laser
wavelength λ [93], [115], [116]. With enough laser intensity,
cutoff photons in the 1 keV region have been observed from
HHG [112], [117], [118]. However, for bright, coherent flux,
the HHG process must be phase matched by adjusting the gas
target pressure, laser focus (Guoy) phase, or through more exotic quasi-phase matching techniques [105], [119]–[123]. An
additional attractive aspect of HHG is that it has produced the
shortest optical pulses to date—subfemtosecond or attosecond
pulses [124]–[127]. Additionally, Wang et al. demonstrated that
by seeding a laser-driven SXR laser with an HHG pulse, they decreased the pulse duration and increased the spatial coherence of
their SXR laser [128]. This HHG seeding produced picosecond
(10−12 s) pulses with ∼microjoules type energies that had full
spatial and temporal coherence. Thus, CDI with femtosecond
or attosecond time resolution of dynamic processes becomes a
possibility.
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B. First Tabletop Demonstrations
With their higher pulse energies, tabletop SXR lasers were
first applied to coherent X-ray imaging. Several initial applications of tabletop SXR lasers to studying plasmas in interferometers were demonstrated by Rocca et al. [129] a little over
a decade ago. A few years later in 2002, Bartels et al. demonstrated full spatial coherence and moderately high-resolution
coherent imaging (in-line holography) with a phase-matched
high harmonic source [105]. This initial result had lower spatial resolution of about 10 μm due to the illuminating beam
not being tightly focused. In 2006, demonstrations of higher
resolution holography (several 100 nm to several micrometers resolution) followed with both a spatially filtered 46.9-nm
capillary-discharge SXR laser and a phase-matched 32-nm HHG
source [103], [130]. Coherent imaging with these tabletop SXR
sources in the in-line holography geometry was limited to the
numerical aperture of the scattered reference wave, which was
limited to about half a micrometer. This resolution is not much
better than a standard optical microscope and has been limited by the longer wavelength of soft X-ray laser sources [104].
Furthermore, with intense soft X-ray lasers, single-shot imaging with holographic [106] and zone plate techniques has been
demonstrated [131]. However, by applying CDI with oversampling and iterative phase retrieval to a phase-matched 32-nm
HHG source, Sandberg et al. were able to achieve 200 nm resolution in 2007 [45], [132].
Fundamentally, the resolution of CDI is ultimately limited by
coherent flux and wavelength and not by reference beam numerical aperture as with holographic techniques. This fact was
demonstrated by Sandberg et al. with the same phase-matched
32-nm HHG source, and with a spatially filtered 46.9-nm capillary discharge laser [46]. By focusing their coherent SXR beams
more tightly (about 15 μm spot) and by placing their detector
in a high numerical aperture (NA) geometry (only 17 mm from
a sample to CCD), they were able to achieve sub-100 nm spatial resolution with CDI. With the 32-nm HHG source, they
achieved about 90 nm resolution with an integration time of
80 min. Also, with the 46.9-nm spatially filtered SXR laser,
they were able to achieve 72 nm resolution with an integration
time of 5 min or 300 shots [see Fig. 6(a)]. This result was the
highest NA X-ray image at the time—0.6 NA with a resolution
only 1.5 times the illuminating wavelength. In the case of the
HHG source, the resolution was limited by available 32 nm flux
and practical integration time, whereas with the tabletop SXR
source, the resolution was limited only by the size of the detector.
With the same SXR laser source, but with a slightly optimized
HHG source, resolutions of 50 nm were achieved by a combination of holography and phase retrieval, respectively [48], [104].
Thus, wavelength-limited resolution with bright, ultrafast, tabletop coherent SXR sources is possible. As shown in Fig. 6(b),
an additional fortuitous consequence of this high NA geometry
is the ability to image samples in 3-D with a single exposure
angle. This technique, called ankylography, relies on the fact
that high NA diffraction data lie on the curved Ewald sphere in
Fourier space. By reanalyzing the 0.6 NA diffraction data from
the 46.9-nm SXR laser, Raines et al. were able to reconstruct
the stick figure sample in 3-D [49].

Fig. 6. (a) High NA curvature corrected diffraction data from 46.9 nm SRX
laser [45]. (b) 3-D ankylographic reconstruction from a single 2-D curved
diffraction pattern [49]. (c) Schematic of a single-shot HHG CDI setup [47].
(d) Single-shot reconstruction of a test sample [47].

C. Single-Shot CDI on a Tabletop
While these initial applications of CDI to tabletop sources
proved the ability to achieve wavelength-limited resolution, the
practicality of the technique has been limited by two factors:
integration time and wavelength. First, CDI with kilohertz repetition rates has, to this point, been limited to microwatt powers
in a single harmonic, thus requiring minutes to hours of integration to achieve near-wavelength-limited resolution. Consequently, hundreds of thousands to millions of pulses must be
integrated to achieve sufficient signal to noise at high scattering
angles in order to obtain wavelength-limited resolution. For applications in time-resolved imaging, this limits CDI to repetitive
processes in a pump–probe stroboscopic experiment. However,
HHG can produce much higher pulse energies if it is driven
with higher laser pulse energies. This fact was demonstrated
recently by Ravasio et al. on a larger laser system with 50 mJ,
20 fs pulses. This laser produced enough phase-matched coherent HHG light at 32 nm (about 1 μJ or 101 1 photons) in a
single femtosecond pulse to achieve near 100 nm resolution in
a single shot [see Fig. 6(d)] and 60 nm resolution with multiple pulses [47], [133]. This single-shot CDI with femtosecond
HHG pulses, like single-shot imaging at XFELs [50], opens
many possibilities: imaging nonreversible processes, collecting
a single image before radiation damage takes place, etc.
While this result clearly illustrates the potential power of
CDI with femtosecond pulses from tabletop sources, all current
CDI on tabletop sources has been limited to illuminating wavelengths of 10 s of nanometers or longer. These wavelengths
are readily absorbed in almost all materials thus limiting its
usefulness to potential applications. Recently, however, HHG
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driven with longer, mid-IR wavelengths of 1–2 μm has produced bright, phase-matched and spatially coherent X-rays up
to 500 eV photon energy [134]–[136]. These photon energies
span the biologically important water window [94] and may possibly extend bright coherent HHG to the 1 nm wavelength range.
Thus, in coming years, HHG with CDI may provide single-shot,
near-wavelength-limited resolution of femtosecond (or attosecond) dynamics across numerous soft X-ray absorption edges
in such applications as cellular biology, dynamics of magnetic
domains in storage media, or heat transport at interfaces and in
nanomaterials [137], [138]
VI. APPLICATION WITH X-RAY FREE-ELECTRON LASERS
Although CDI removes the need of sample crystallinity, the
resolution currently attainable is far lower than that of crystallography, which is mainly due to the loss of the amplification
from a large number of unit cells inside a crystal (∼1015 in a
typical protein crystal). The highest resolution thus far achieved
in CDI is ∼2 nm for inorganic materials and ∼10–20 nm for biological specimens [41], [79]. To improve the resolution of CDI
and compensate the loss of the large number of the unit cells,
more brilliant X-ray sources are needed. However, increasing
the incident X-ray flux means depositing more energy in the
specimen, which results in the breaking of chemical bonds and
discharging of binding electrons. This irrecoverable radiation
damage effect ultimately limits the resolution in CDI [91], [92].
One way to alleviate the radiation damage effect is to use very
short X-rays pulses [139], [140]. Numerical simulation studies
by Neutze et al. suggested that when an intense X-ray pulse is
shorter than 10 fs and illuminates a biomolecule, a diffraction
pattern may be recorded from the molecule before it is destroyed
by the pulse [140]. The combination of intense and ultrashort Xray pulses with CDI, hence, may allow structural determination
of single biomolecules without the need of crystallization [141].
To obtain the 3-D structure of single biomolecules, many identical copies of the molecules are needed. Numerical simulations
suggested that, with about 106 identical copies, a resolution
of 2.5 Å may be achievable for large protein molecules [141].
This method (termed single-particle CDI) potentially opens a
new horizon for 3-D structural determination of biomolecules,
but requires an entirely new type of coherent X-ray source—an
X-ray free-electron laser (XFEL).
A. X-Ray Free-Electron Lasers
XFELs are able to produce X-ray pulses with a peak brilliance
a billion times higher than the brightest synchrotron radiation
source currently available. In a synchrotron radiation source,
electron bunches circulate in a storage ring and produce X-rays
at designated linear or bending sections. In an XFEL, very compact and high-density electron bunches travel through a long
undulator to produce intense and short X-ray pulses. Initially,
the electron bunches emit incoherent radiation because the size
of the electron bunches is larger than the wavelength of the radiation. If the undulator magnet array is tuned precisely to match the
phase and wavelength of the radiation, the radiation modulates
the electrons and produces a process called “microbunching,”

Fig. 7. Ultrafast CDI of a laser ablation process on etched patterns in Si3N4
membranes. A high-power visible laser, synchronized with EUV-FEL from
FLASH, was employed to ablate the pattern and the EUV-FEL pulse was used
as a probe to image the ablated specimen [51].

which exponentially amplifies the intensity of the radiation.
After the electron bunches travel a certain distance, the amplification becomes saturated and the electron beam is dumped.
This process, called self-amplified spontaneous emission [142],
produces radiation with full transverse coherence, high peak intensity (∼1012 photons/pulse), and short pulse duration (∼tens
to hundreds of femtoseconds).
Presently, several X-ray and EUV FEL facilities are in operation, including the LCLS, Stanford, U.S.; the FLASH, DESY,
Germany; and the SCSS, SPring-8, Japan [143]–[145]. In addition, two more XFEL facilities are expected to operate within
the next few years: the Japanese XFEL (SPring-8) in 2011 and
the European XFEL (DESY) in 2016.
B. Ultrafast CDI
The feasibility of CDI with an intense, short-pulsed FEL has
been demonstrated by Chapman et al. at the FLASH [50]. They
recorded the diffraction pattern of a test pattern by using a singleintense FEL pulse before it was destroyed by the pulse. An image was then retrieved from the single-shot diffraction pattern.
The experiment has also demonstrated CDI’s inherent potential
as an ultrafast imaging technique. Later, the ultrafast imaging
capability of CDI was demonstrated through a time-resolved,
pump–probe experiment (see Fig. 7) [51]. The experiment employed 10 fs FEL pulses from the FLASH. A high-power, pulsed
optical laser was used to ablate a patterned specimen on a Si3 N4
membrane. The EUV-FEL light was used as a probe to image the
sample with a controlled time delay by synchronizing the two
sources. While this proof-of-concept ultrafast CDI experiment
achieved a temporal resolution of ∼10 ps, the resolution will
likely be improved down to the femtosecond level in the future.
C. Single-Particle CDI
Among all the potential applications of CDI, single-particle
CDI is arguably the most challenging one due to the following reasons. First, the scattering intensity of an XFEL pulse
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by a single biomolecule is extremely weak. Second, compared
to electrons, the scattering cross section of X-rays with atoms
is ∼five to six orders lower. Thus, electrons in principle have
advantages over X-rays for structural determination of small
particles. On the other hand, X-rays do not have the charging effect and XFELs can produce intense X-ray pulses with
∼1012 photons per pulse [143]–[145], which is far more than
an electron pulse can produce. Also, the short pulse duration
of XFELs potentially allows acquisition of the diffraction pattern from a biomolecule before it is destroyed [140]. In order
to obtain the 3-D structural information, many identical copies
of biomolecules (typically on the order of 106 ) have to be injected into an XFEL beam at random orientations [141]. Those
hit by the XFEL pulses will generate very weak 2-D diffraction
patterns. To enhance the signal to noise ratio of the diffraction
intensity, sophiscated algorithms are needed to align and average the large number of weak diffraction patterns [146]–[150],
which is similar to the methods developed in single-particle
cryo-EM [151]. After postanalysis, the diffraction patterns can
then be assembled into a 3-D pattern and phased to obtain the
3-D structure of the biomolecules [141], [152], [153]. Although
single-particle CDI has been mainly studied by using numerical simulations thus far, two experiments were conducted on
single virus particles. The first was on the imaging of an unstained herpesvirus virion at a resolution of 22 nm by using
SPring-8 [33]. The other was on the imaging of single
mimiviruses at 32 nm resolution with the LCLS [154]. In the
latter case, the phase retrieval was not so stable because the
missing center of the diffraction pattern is larger than the
centrospeckle [25]. While encouraging results have been obtained in both numerical simulations and preliminary experiments, several important questions on single-particle CDI have
to be answered by future experiments: whether near atomic or
atomic resolution of single biomolecules can be experimentally
achieved with CDI; what the smallest size of biomolecules can
be studied by single-particle CDI; and whether single-particle
CDI can compete with single-particle cryo-EM.
Another potentially important direction is the newly developed ankylography technique, where the 3-D structure of a small
object (or a large object at lower resolution) can in principle be
determined from a single 2-D diffraction pattern sampled on the
Ewald sphere [49]. Compared to single-particle CDI, ankylography has limited spatial resolution and is probably only applicable
to certain classes of specimens. However, the main advantage
of ankylography lies in its ability to perform 3-D structural
determination from a single particle without the necessity of averaging. As ankylography remains a very preliminary approach,
more work is needed to understand its potential applications and
limitations. For those who are interested in ankylography, the
basic ankylographic reconstruction codes have been posted on a
public website, and can be freely downloaded and tested [155].
VII. CONCLUSION
Since its first experimental demonstration about a decade
ago [8], CDI has undergone rapid development. Novel methods
have been demonstrated and new applications in biology and
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materials/nanoscience have been pursued. To date, most of the
CDI work has been conducted on third-generation synchrotron
radiation sources [8], [18]–[44], and a highest resolution of
∼2 nm has been achieved at SPring-8 [79]. For materials science
samples, it is anticipated that subnanometer and even atomic resolution may be achievable in the future. For biological samples,
radiation damage ultimately limits the resolution of CDI. By
using cryogenic technologies, the radiation damage effect can
be mitigated and a 3-D resolution of 5–10 nm will likely be attainable [91], [92]. Another way to reduce the radiation damage
effect is to use ultrashort X-ray pulses [140]. As femtosecond
XFELs are currently under rapid development worldwide, CDI
will soon enter a new frontier for high-resolution structure studies at a femtosecond time scale. Compared to scanning probe
microscopy [5] and electron microscopy [4], CDI can be applied to image thick objects at high resolution in 3-D. However,
currently a major limitation in CDI is the lack of tabletop coherent X-ray sources. As SXR lasers and HHG sources at the
X-ray regime are under active development worldwide, it is
foreseeable that CDI will be available in individual laboratories
in the near future. Looking forward, CDI research within the
next decade will be surely more exciting than the past one.
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