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Introduction
Imaging a specimen of condensed matter, broadly 

speaking, has been limited by the precision to which imaging 
lenses can be manufactured and their aberrations controlled. 
The exit-surface wave, which is the probing radiation after 
transit and interaction with the specimen, contains a represen-
tation of a specimen’s structure. This has prompted significant 
research efforts into methods that are able to reconstruct the 
exit-surface wave without the use of imaging optics (without 
lenses). Coherent diffractive imaging (CDI) is an imaging 
technique that seeks to restore the exit-surface wave from 
intensity measurements, either in the far-field diffraction 
plane or the near-field Fresnel diffraction region. Coherent 
diffractive imaging allows unaberrated representations of 
the specimen, in terms of both the amplitude and phase of 
the exit-surface wave, to be obtained that are limited only by 
the wavelength of the incident radiation. To date, numerous 
strategies have been proposed to complete this restoration, 
the most successful being the original scheme proposed by 
Gerchberg and Saxton [1] and its subsequent modifications. 
These schemes all involve the iterative refinement of a trial 
wave function using a priori known information about the 
sample in conjunction with the wave amplitude (the square 
root of the measured intensity) to constrain the proposed 
phase of the exit-surface wave. These approaches use the 
self-interference of the exit-surface wave to transform the 
reconstruction process into a non-smooth, non-convex, 
non-linear optimization problem and as such are plagued by 
uniqueness issues. A typical experimental setup of a coherent 
diffractive imaging experiment is shown in Figure 1.

Concurrent to developments in CDI have been extensions 
to Fourier holography [2]. In traditional Fourier holography 
the measured interference, in the far-field diffraction plane, 
between a reference wave generated by a “pinhole source” and 
the unknown scattered wave is used to deduce the complex 
exit-surface wave. Under these special conditions the image 
reconstruction procedure from the diffracted intensity 
measurement is direct—a single inverse Fourier transform 
of the diffraction data producing a unique solution. The 
maximum frequency to which this interference can be reliably 
recorded, limits the resolution of the reconstruction procedure. 
For a perfect pinhole this limit is the wavelength of the probing 
radiation. The Fourier holography inversion procedure is 
analytic, and consequently deviations away from a perfect 

pinhole reference introduces errors into the reconstruction. 
This is particularly pertinent because by reducing the size of 
the pinhole, in order to improve the reconstruction resolution, 
a concurrent decrease in the reference wave intensity occurs 
and the resolution of the reconstruction procedure becomes 
flux-limited. The unfavorable coupling of flux and resolution 
has motivated extensions to Fourier holography, allowing 
corners, ultra-redundant arrays, and Fresnel zone plates to be 
used as the source of the reference wave.

Recently results obtained using a generalized approach to 
Fourier holography [3, 4] have been reported. This generalized 
holography method allows the use of an arbitrary reference wave 
and has been applied at the micrometer, nanometer, and atomic 
scale using visible light, X-ray radiation, and electron probes, 
respectively. This article summarizes some results from this 
approach.

Materials and Methods
Algorithm description. Using a generalized approach to  

Fourier holography [3, 4] allows the autocorrelation of the exit- 
surface wave, which is the inverse Fourier transform of the 
diffraction pattern, to be analyzed and a set of linear equations 
to be constructed. Solving this set of linear equations allows the 
direct reconstruction of the exit-surface wave. Key to the algo- 
rithm is the analysis of the autocorrelation plane. Expressing 
the exit wave as the sum of the reference wave and the scattered 
wave, the autocorrelation is processed by subtracting the 
autocorrelation of the known reference wave and subsequently 
identifying regions remaining in the autocorrelation data 

Figure 1: Schematic of the coherent diffractive imaging geometry. Incident 
illumination scatters from the object, of a characteristic length scale x, producing 
an exit surface wave. The complex exit surface wave then propagates in space, 
indicated by the distance z, where the intensity is recorded in the near field or 
the far field.
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respectively. The exit wave reconstruction results shown in Figures 
2d and 2e used 550 iterations of the generalized holography 
reconstruction algorithm [4] and needed on the order of minutes 
to compute on a standard desktop computer. Immediately of note 
is the good representation of the amplitude and phase of the gnat’s 
wing, the former comparing favorably with a light microscope 
image in Figure 2c. The good-quality reconstructions coupled with 
the rapid reconstruction procedure allows us to envisage that with 
purpose-written multiprocessor code one could perform real-time 
reconstructions.

X-ray radiation. The visible light example in the preceding 
section used the general case of the known scattering from a 
confined region of a circular aperture as the reference wave. A 
demonstration of the broad flexibility of the reconstruction 
algorithm and its application using truly arbitrary illuminations 
was demonstrated recently [6] using free electron laser pulsed 
X-ray illumination. The experiment was performed at FERMI [7], 
a seeded soft X-ray free-electron laser. The pulses produced by 
FERMI had a wavelength of 32.5 nm and are estimated to be 100 
fs in duration. The focal spot of the beam was ~15 × 30 µm2. After 
the gas attenuator the pulse energy was 10–15 mJ. The beam was 
attenuated a further 1.25% by aluminium filters. The X-ray pulses 
were incident onto a platinum nanoscale structure deposited 
onto a Si3N4 window, and it is shown in Figure 3a. The diffraction 
pattern measurement was constructed by integrating 100 pulses, 

that are either linear or non-linear in the scattered wave. 
Provided the reference wave satisfies the conditions as outlined 
in reference [3], there will be a sufficient quantity of linear 
information so that the exit wave may be determined by solving 
the non-singular matrix equation. Furthermore, as the coeffi-
cient matrix has a Hankel-plus-Toeplitz-like structure, the 
solution to the matrix equation may be solved efficiently using 
the conjugate gradients least squares method, implemented 
using fast Fourier transforms. Full details of the reconstruction 
algorithm and its mathematical underpinnings are discussed in 
reference [4], and a free version is available for download [5].

Results
Visible light. The first proof-of-principle demonstration of 

the procedure was applied using visible light. The diffraction 
pattern formed by an Australian gnat’s wing using a HeNe 
laser (wavelength 632.8 nm) is shown in Figure 2a. The incident 
beam was attenuated using a neutral density filter before spatial 
filtering by focusing through a 20 μ m pinhole. It was then 
re-collimated by a lens of focal length 250 mm to obtain an 
approximately planar monochromatic beam. This beam then 
illuminated a conical hole formed in a 3 mm thick stainless-
steel disk with the sides of the hole tapered by 15° and with 
the larger diameter facing the beam. The object was fixed with 
adhesive to the outside of the smaller-diameter aperture, which 
had a diameter of 2.035 ± 0.005 mm. 
The tapering of the hole avoided 
diffraction effects associated with the 
first aperture. This geometry results in 
an assumed aperture/illumination in 
the object plane as shown in Figure 2b,  
and a high-resolution microscope 
image of the object in the region that 
the object was confined to, with respect 
to the aperture, is shown in Figure 2c.  
Figures 2a and 2b show the total data 
input, plus the object area (shown 
in the lower part of the illumination 
in Figure 2c) that is required for the 
reconstruction.

To record the diffraction pattern,  
an antireflection coated, planoconvex 
lens of focal length 75 mm was located 
1 mm downstream of the object 
and focused onto the surface of a 
monochrome CCD camera (a Prosilica 
GE1650). This CCD has 1600 × 1200 
pixels that are each 7.4 μ m squared 
with a 12-bit per pixel dynamic range, 
ensuring that the interference between 
the sample and the reference wave 
was sampled to high resolution in the 
detector plane.

Using the generalized holography 
reconstruction algorithm with inputs 
shown in Figures 2a–2c, (excluding 
the wing), the exit wave amplitude 
and phase were reconstructed and 
are presented in Figures 2d and 2e, 

Figure 2: (a) Diffraction pattern formed by illumination of a gnat's wing with a HeNe laser. (b) Assumed illumination 
intensity and phase. (c) Light microscope image of the object in the area within which the object is contained relative 
to the illumination. Reconstructed exit wave amplitude (d) and phase (e). Diffraction data, reconstruction results, and 
figures are taken from reference [4], reprinted with permission of the American Physical Society, copyright 2012.
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and is shown in Figure 3b. The diffraction 
pattern was acquired using a 32.5-nm 
multilayer mirror that reflects the scattered 
photons on a CCD detector (Princeton 
instrument MTE2048B, 13.5 µm pixel size) 
with the maximum scattering angle being about  
14 degrees, the black shaded regions in 
Figure 3(b) refer to a missing data region of  
0.4 degrees, necessary to prevent CCD damage. 
The maximum spatial frequency recorded by 
the detector was 2π × 0.017 nm-1. From the 
scanning electron microscopy (SEM) image 
in Figure 3a, the reference wave was defined 
and the central rectangular region containing 
the letters “TCMP” was the unknown object 
area. The reference wave with respect to the 
object area is shown in Figure 3c. From the 
given inputs depicted in Figures 3b and 3c, the 
exit-surface wave intensity was reconstructed  
to a half-period resolution of approximately  
170 nm and is shown in Figure 3d. The excellent 
reconstruction obtained using the arbitrary 
reference wave has clear ramifications for 
future experiments and imaging modes.

Electron microscopy. The generalized 
holography reconstruction procedure also  
has been successfully applied at atomic reso- 
lution using conventional scanning trans- 
mission electron microscopy (STEM) [8].  
Significantly, no special modifications or 
esoteric optical arrangements were required 
to perform the experiment suitable for 
the reconstruction procedure. To perform 
the experiment, a JEOL R005 aberration-
corrected STEM with a cold field-emission 
gun (FEG) operating at an accelerating 
voltage of 300 kV and with a probe-forming 
convergence semi-angle of 24 mrad was used 
(implying an intrinsic resolution of 0.08 nm 
in real space). The coherent electron probe 
was defocused onto the sample plane so that 
it was able to form a shadow image of the 
specimen in the diffraction plane. This is also 
known as a Gabor hologram or Ronchigram. 
The recorded diffraction pattern used for 
the reconstruction, obtained from a cerium 
dioxide nanoparticle, is shown in Figure 4a. 
The diffraction pattern was recorded using 
a Gatan Ultrascan 1000 CCD camera with a 
nominal camera length of 12 cm and a pixel 
size in the detector plane of 14 μ m.

In this particular experiment the ref- 
erence wave was the un-scattered portion of 
the electron probe. Characterization of the 
phase-related properties of the illuminating 
probe was obtained from the aberrations 
of the electron optical-system measured 
using the microscope aberration-corrector 
software. A probe defocus of 77 nm and the 

Figure 4: (a) Diffraction pattern (shadow image) of a CeO2 nanoparticle obtained using a defocused STEM probe.  
(b) HAADF image with the computed probe amplitude. The position of the probe for the diffraction pattern in (a) is indicated 
by the circle over the top right corner in (b). The projected structure of CeO2 is indicated. The larger pink circles indicate 
cerium columns, and the smaller green circles indicate oxygen columns. (c) Two independent reconstructions, indicated by 
the magenta outlines, of the phase of the transmission function are overlaid onto the HAADF image of the specimen. The 
green arrows indicate the position of the O columns adjacent to the Ce columns. Diffraction data, reconstruction results, 
and figures are taken from reference [8], reprinted with permission of the American Physical Society, copyright 2013.

Figure 3: (a) SEM image of the sample. (b) Diffraction pattern showing regions of missing data. (c) Constructed reference 
wave and object area. (d) Reconstructed exit wave intensity. Diffraction data, reconstruction results, and figures are taken 
from reference [6], reprinted with permission of the Nature Publishing Group, Macmillan Publishers Limited, copyright 2014.
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measured aberrations implied an incident probe intensity at 
the specimen as shown in the top right corner of Figure 4b.  
The circle overlapping the edge of the nanoparticle indicates the 
position of the probe over the nanoparticle for the diffraction 
measurement. Using the diffraction pattern in Figure 4a and the 
complex illumination in Figure 4b, the specimen transmission 
function was reconstructed leading to the phase image of 
the reconstructed sample transmission function shown in  
Figure 4c overlaid on top of a STEM Z-contrast image of the 
sample. Immediately clear is the good one-to-one correspon-
dence between the reconstruction and the Z-contrast image. 
More interestingly, since the contrast of a STEM Z-contrast 
image scales with atomic number as approximately Z1.7, the 
relative differences between the atomic number of cerium and 
oxygen implies that both atom types are not visible simultane-
ously in the Z-contrast image. This is not the case for the phase 
image, and the oxygen columns, indicated by green arrows, can 
be seen on either side of the cerium columns in positions that 
correspond to the known cerium dioxide structure, schemati-
cally indicated in Figure 4c.

Conclusion
Fourier holography is a lensless imaging technique that 

is direct and promises to circumvent some of the limitations 
associated with more conventional imaging techniques, for 
example, imperfect lenses. Furthermore, unlike traditional 
coherent diffractive imaging, which employs a non-linear image 
reconstruction procedure, Fourier holography solves a set of 
linear equations and is not plagued by non-unique solutions. 

However, to date Fourier holography has been hampered by the 
unfavorable coupling of reference flux and resolution.

This article presents the application of a generalized 
holographic exit wave reconstruction procedure using a broad 
spectrum of different illumination types. The technique retains 
the favorable aspects of Fourier holography while decoupling 
resolution and reference flux. The generalized holographic 
approach used here allows a wide range of reference waves to be 
tailored to specific imaging conditions, for instance optimizing 
radiation dose and resolution, to allow single-shot imaging 
applications. Perhaps the most significant advantage presented 
is that the burden on fabricating perfect references for use in 
Fourier holography is shifted toward the characterization of 
reference scatterers. This subtle change of perspective serves to 
improve the robustness of the reconstruction procedure and 
relax constraints on experimental design.
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