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Wave propagation

Huygens-Fresnels principle



Simplest form of Hologram
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Figure 7.12 in “An introduction to Synchrotron Radiation”, Philip Willmott, Wiley 2011

A wave front interfering with itself during propagation.



Propagation based phase contrast image



Holography / Holotomography

Polystyrene foam.
P. Cloetens 1999



Near-field imaging

Images P. Cloetens

Frequency response is a function of
propagation distance



Near-field imaging

Polystyrene foam.
P. Cloetens 1999



In-line Holotomography
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Off-axis holography

4.2.3 Prism interferometer
Recently hard X-ray interferometric optics using a

prism62) has been studied (Fig. 10). As mentioned, the ratio
!=" is about 1000 for materials comparatively transparent to
hard X-rays. Such materials can be used as an X-ray prism.
For instance, ! and " of acrylic resin are 1:7! 10"6 and
1:6! 10"9 at 12.4 keV, respectively. The deflection angle #
by a prism of an apex angle $ is given by

# ¼
! sin$

cosð% " $Þ cos %
; ð19Þ

where % is the incident angle to the prism. Thus, # is of the
order of 10"5{10"6 rad in the case of an acrylic prism, and
the beam can be shifted by 100–10 mm at 10m downstream
of the prism without crucial intensity loss. It should be noted
that the beam deflection is opposite to that in the visible-
light region because the refractive index is below unity in the
X-ray region. Therefore, the deflected beam overlaps with
the beam that goes past the prism. An interference field is
generated there, producing fringes of a spacing &=#,
provided that the spatial coherence length is larger than #.
Besides simple two-beam interferometry,62) shearing inter-
ferometry63) and holography23) have also been attempted
with a prism.

4.2.4 Soft X-ray interferometers
As mentioned, soft X-ray interferometry has progressed

less than hard X-ray interferometers in spite of the longer
wavelengths of soft X-rays. However, some interferometers
using soft X-ray lasers are studied, taking advantage of its
short pulse width and high peak brilliance, enabling instant
acquisition of interference images. Pictures of interference
fringes generated by Mach–Zehnder types using self-stand-
ing multilayers54) or gratings55,56) for splitting and recom-
bining beams and by a Michelson type using self-standing
multilayers57) were able to be taken, although the optical
elements were probably vibrating. The diagnosis of source
plasma was a main target of the interferometers.

When synchrotron radiation is used, a longer exposure is
normally required to take clear interference images, and
therefore higher stability is required for the interferometer.
Interferometers using a Fresnel mirror are comparatively
easy to construct, and some imaging results have been
reported so far.58,59)

Interferometric microscopes using the focusing optics
shown in Fig. 11, which were operated with synchrotron
radiation, are introduced here. One is a phase-shifting point-
diffraction interferometer and the other is a Mirau interfer-
ometer.

The phase-shifting point-diffraction interferometer report-
ed by Naulleau et al.60) consists of a transmission grating, a
focusing test optic, which is to be evaluated with this system,
and a mask. Two diffraction orders from the grating through
the test optic make two spots at the mask. One spot can pass

through the mask and the other is used to make a reference
beam through a pinhole made on the mask. The test optic is
evaluated by resultant interference fringes, which are bent if
the test optic is imperfect. This interferometer uses paraxial
rays, and therefore is comparatively easy to operate.

The successful operation of a Mirau interferometer by
Haga et al. is noteworthy.61) They used a self-standing
Mo/Si multilayer in combination with Schwarzschild optics
with 13 nm synchrotron soft X-rays, and inspected defects
5 nm in height on an extreme ultraviolet lithography mask.

4.3 Refraction-based technique
Refraction is always accompanied by the spatially variant

phase shift since waves propagate in the direction perpen-
dicular to the wavefront. Therefore, a contrast related to the
phase-shift gradient is generated by selecting refracted
X-rays by a specific amount. As suggested by eq. (19),
however, the deflection angle caused by refraction is
extremely small, and X-rays are assumed conventionally to
go straight through materials.

In order to generate the contrast, an angular sensor
sufficiently sensitive to the X-ray refraction is needed and
the incident X-rays should furthermore be correspondingly
collimated. A candidate device for this purpose is a perfect
crystal, in which X-rays are dynamically diffracted.64–68) The
angular width of the Bragg diffraction is of the order of
10"5 rad, which can easily be further narrowed down to
10"6 rad by using higher-order diffraction, asymmetrical
diffraction and/or a multicrystal arrangement.

Figure 12 is a typical arrangement for generating a
contrast based on the X-ray refraction using perfect crystals.
When an X-ray beam collimated by a crystal passes through
a sample, the wavefront is deformed by the phase shift at the
sample and the X-ray propagation direction varies depending
on the phase gradient. The analyzer crystal placed down-
stream of the sample reflects only the X-rays that meet the
Bragg diffraction condition. As a result, a contrast can be
seen in the reflected beam. By changing the angular setting
of the analyzer slightly, the contrast varies sensitively.
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Fig. 10. Interference caused by an X-ray prism.

Fig. 11. Soft X-ray interferometric microscopes: (a) phase-shifting point-
diffraction interferometer60) and (b) Mirau interferometer.61)
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Crystal Interferometer (Bonse & Hart 1965)

Momose et al. Jpn. J. Appl. Phys. 44 6355 (2009)

by taking a stop-motion picture if the instability time
constant of the interferometer is longer than the exposure
time. Although its application to phase imaging is limited, a
variety of X-ray interferometers can be constructed and
used.

Although X-ray interferometric imaging has already been
reviewed by the author,30,31) the activities are introduced
again with recent results and another viewpoint below.

4.2.1 Crystal interferometer
One may imagine that X-ray interferometry was devel-

oped in the soft X-ray region first and then in the hard X-ray
region according to the wavelength. However, a crystal hard
X-ray interferometer was successfully operated earlier. This
is because hard X-rays can be used in atmosphere while soft
X-rays should be used in vacuum, and also because crystals,
which have the most ideal periodic structures, are available
for use with hard X-rays, while the wavelengths of soft X-
rays do not match the periods of crystals and instead
artificial optical elements must be developed. Here, X-ray
phase imaging using hard X-ray interferometers fabricated
from a perfect silicon crystal is described.

Figure 5(a) shows the first crystal X-ray interferometer
reported by Bonse and Hart in 1965.32) The entire body of
the interferometer was monolithically cut out from a silicon
crystal. Three parallel lamellae are formed with a constant
spacing. The lamellae function as beam splitters when an
X-ray is incident at the Bragg diffraction condition on a
lattice plane perpendicular to the surface of the lamellae.

The amplitude of an X-ray is coherently divided into
diffracted and forward-diffracted beams outgoing from the
opposite side of the lamella. X-rays thus divided by the first
lamella are divided again by the second lamella in the same
manner. Two beams overlapping at the third lamella are also
divided and interference is observed in the beams outgoing
from the third lamella. Because of its monolithic config-
uration, no mechanical tuning is needed except in the
arrangement of the interferometer so that the Bragg
diffraction condition is satisfied. It should be noted that the
lamellae have a function of coherence filtering through
Bragg diffraction. Furthermore, the optical system corre-
sponds to the Mach-Zehnder interferometer, which causes
interference between two arms with an almost zero optical

path difference. Therefore, if the spacings between the
lamellae are the same within an error of a few tens of
microns, interference can be detected even using a normal
laboratory source.

In an early stage, a picture of an interference pattern was
taken for a sample sliced to prevent constant-thickness
fringes from appearing.33) Later, techniques of subfringe
analysis were introduced with a digital image detector to
determine the phase shift.3,4) A sample thereby no longer
needed to be sliced, and the first X-ray phase tomography,
described below, was attained.4) The high sensitivity of this
method was demonstrated with various biological imaging
results.34–38) Some details of the method are introduced
below.

The phase shift caused by an object placed in one
arm generates an interference pattern, which is in general
given by

Iðx; yÞ ¼ aðx; yÞ þ bðx; yÞ cos½!ðx; yÞ þ "ðx; yÞ&; ð13Þ

where aðx; yÞ and bðx; yÞ are the average intensity and fringe
contrast, respectively. The interferometer has some residual
strain that normally generates a built-in fringe pattern, and
the influence is involved in "ðx; yÞ.

Often "ðx; yÞ is not negligible and !ðx; yÞ exceeds 2!,
making the interference pattern too complicated for grasping
structural information by eye. Even in such a situation,
!ðx; yÞ is determined using subfringe analyses. One ap-
proach is the Fourier-transform method;39) by introducing
fine carrier fringes, for instance with a wedge phase shifter,
!ðx; yÞ can be obtained by Fourier filtering. Another
approach is the fringe-scanning method,40) by which the
spatial resolution is not affected while the spatial resolution
attained with the Fourier-transform method is limited by the
spacing of the carrier fringes.

Phase tomography is mainly performed with the fringe-
scanning method because of the advantage of the spatial
resolution. The fringe-scanning method processes multiple
interference patterns observed by varying the phase differ-
ence between the two arms, for instance by using a tunable
phase shifter. When interference patterns

Ikðx; yÞ ¼ aðx; yÞ
þ bðx; yÞ cos½!ðx; yÞ þ "ðx; yÞ þ 2!k=M&

ðk ¼ 1; 2; . . . ;MÞ
ð14Þ

are obtained (M ' 3), !ðx; yÞ is determined from

!ðx; yÞ þ "ðx; yÞ ¼ arg
XM

k¼ 1

Ikðx; yÞ exp (2!i
k

M

! "" #

: ð15Þ

"ðx; yÞ can be determined separately without a sample
[!ðx; yÞ ¼ 0]. For phase tomography, this measurement is
repeated while rotating the sample.

Figure 6 is a three-dimensional image of tissue of a rat
kidney reconstructed by phase tomography.31) Tubules in the
tissue, a part of which were clogged by protein, were
revealed without using contrast media. Glomeruli were also
depicted clearly. The image mapping " corresponds approx-
imately to a density map, and the detection limit of density
deviation was evaluated to be 1.2mg/cm3.

Because of the argument operation in eq. (15) whose

Image detector

Sample(a)

(b)

Fig. 5. Crystal X-ray interferometers of a monolithic type (a) and a non-
monolithic type (b), which was developed to expand its field of view.

6360 Jpn. J. Appl. Phys., Vol. 44, No. 9A (2005) A. MOMOSE



Fourier Transform Holography
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S ince Antonie van Leeuwenhoek’s 
first glimpse into the world of 
the very small in the seventeenth 

century, the ability to obtain magnified 
images of microscopic entities has been 
crucial to many advances in all areas of 
natural science. Ongoing microscopy 
research aims to improve spatial 
resolution and reduce exposure time 
while maintaining sufficient contrast and 
brightness. But these figures of merit for 
imaging are often at odds. Nevertheless, 
a spatial resolution corresponding to 
interatomic distances in conjunction 
with sufficient temporal resolution to 
capture a ‘still image’ could be considered 
as the ultimate goal of microscopy. By 
increasing the imaging efficiency of a 
holographic approach compatible with 
ultrafast stroboscopic X-ray illumination, 
Stefano Marchesini and collaborators 
make an important step in this direction, 
as reported on page 560 of this issue1.

Full-field imaging is commonly 
achieved by placing a lens in the 
scattered-wave field behind the specimen 
(‘microscopy’) or by recording the 
interference of the scattered radiation 
with a reference wave (‘holography’). 
More recently, the concept of replacing 
the optical elements by an iterative 
computational process in conjunction 
with suitable experimental boundary 
conditions has also been successfully 
used (‘iterative phase retrieval via 
oversampling’)2. In all cases, illumination 
with extreme-UV radiation or X-rays 
enables high spatial resolution owing to 
the short wavelength.

In the oversampling approach, 
no light-consuming optical system 
is required; however, a certain loss 
of reliability is incurred as a result 
of convergence issues in the iterative 
algorithm. Both microscopy and 
holography on the other hand require 

optical elements: lenses and beam 
splitters, respectively. A part of the 
incident photon flux is consumed by the 
optical system (in addition to absorption 
in the specimen) — this is the price 
you pay for obtaining an unambiguous 
image of the object. In addition to 
this loss, efficient optical elements are 
particularly hard to come by in the few-
nanometre-wavelength regime, where 
the quality of the elements is limited by 
nanopatterning capabilities.

Between microscopy and iterative 
phase retrieval, holography represents a 
middle way in that the required optics can 
be very simple and thus aberration free. In 

Fourier-transform holography — which is 
a particularly well suited geometry for use 
with short-wavelength radiation — the 
optics can be as simple as a pinhole in 
the object plane, approximating a point 
source that provides a reference beam3. 
Akin to a pinhole camera, a small pinhole 
produces high spatial resolution at the 
expense of image brightness, thus limiting 
the sensitivity of the imaging technique. 
As illustrated in Fig. 1a, the use of 
several pinholes can increase the imaging 
efficiency and hence the overall sensitivity, 
as each pinhole will produce a separate 
image of the object (plus an associated 
twin image)4. For each individual image 

Object plane Holographic image

Figure 1 In Fourier-transform holography, each reference point in the object plane (left) will produce a pair of 
images of the object on reconstruction (right). a, T he images can be non-overlapping if the references are spread 
out, requiring a large illuminated area. b, Pooling the references together enables the generation of brighter 
images, as many points and the object can be located closely together in a more focused illuminated spot. T he 
use of a uniformly redundant coded reference array allows the overlapping images to be disentangled at high 
spatial resolution.

Introducing coded apertures to X-ray laser holography paves a route to efficient imaging at 
the nanoscale.

X-RAY HOLOGRAPHY

The hole story

Eisebitt Nature Photonics (2008)



Fourier Transform Holography

graphically formed interference pattern. Our implementation
places the sample behind a lithographically manufactured mask
with a micrometre-sized sample aperture and a nanometre-sized
hole that defines a reference beam. As an example, we have used
the resonant X-ray magnetic circular dichroism effect to image
the randommagnetic domain structure in a Co/Ptmultilayer film
with a spatial resolution of 50 nm.Our technique, which is a form
of Fourier transform holography, is transferable to a wide variety
of specimens, appears scalable to diffraction-limited resolution,
and is well suited for ultrafast single-shot imaging with coherent
X-ray free-electron laser sources4.
Our indirect imaging technique is based on the use of tunable soft

X-rays and simple Fourier inversion of a reciprocal space inter-
ference pattern to yield a real-space image. By tuning the energy of
the X-rays to characteristic absorption edges we can generate
contrast for different properties of the nanostructured sample,
such as elemental and chemical composition. With further use
of variable X-ray polarization the sensitivity and contrast is
extended to charge5 and spin orientations6,7. Our holography-
based method overcomes the central problem of all indirect
methods—the recovery of the phase information2,8,9—with the use
of a nanoscale reference aperture next to the sample that phases the
recorded interference pattern1,10. Our method is simple and suitable
for imaging a variety of nanostructures, and the achievable resolu-
tion is, in principle, limited only by the soft X-ray wavelength, which
is about a factor of ten smaller than the resolution achievable with
image-forming X-ray lenses today.
This lensless spectro-holography technique does not require any

kind of image-forming lenses, such as zone plates used in conven-
tional X-ray microscopy11 or electron optical lenses used for image
formation in X-ray-induced photoemission electron microscopy12.
Because holography-based methods require a coherence length that
is longer than the optical path length differences encountered in the
experiment, they have largely been restricted to lasers. For nanoscale
applications, however, shorter-wavelength radiation is needed to
overcome the diffraction-limited spatial resolution of conventional
lasers13. In principle, X-rays allow higher spatial resolution, but in
practice, submicrometre resolution has rarely been achieved14, with

the notable exceptions of refs 15 and 16, in which spatial resolutions
of about 50 nm were achieved using combined holography and
microscopy approaches15,16.

Our studies use the high coherent flux and the polarization and
photon-energy tunability available at advanced synchrotron radi-
ation sources, such as the BESSY-II storage ring, where we carried
out the present work. In particular, we use the large X-ray magnetic
circular dichroism effect at the L-edges of the transition metals for
image contrast17 so that our method is a true combination of
spectroscopy and holography. The new technique is complementary
to direct magnetic X-ray imaging methods based on photoemission
electron microscopy or transmission X-ray microscopy.

Our experimental arrangement is illustrated in Fig. 1. We used
circularly polarized soft X-rays from an undulator source in con-
junction with a spherical grating monochromator that determined
the longitudinal coherence length. At the photon energy 778 eV
(wavelength 1.59 nm) used in our study, corresponding to the Co L3
absorption edge, the longitudinal coherence length was y l ¼ l2/
(2Dl) ¼ 1.6 mm, where l is the wavelength. The beam from the
monochromator was incident on an aperture of diameter
D ¼ 20 mm that acted as a transverse coherence filter. The central
Airy disk of the transmitted beam coherently illuminated a nano-
structured transmissionmask directly in front of the sample, both of
which are placed z ¼ 723mm behind the coherence filter. This
geometry determined the transverse coherence length of y t ¼ (lz)/
(2pD) ¼ 9.1 mm. An in-vacuum charge-coupled device (CCD)
camera, positioned 315mm downstream of the mask–sample
structure, was used to record the hologram.

The key element in this experiment is the mask–sample arrange-
ment. We chose an integrated mask–sample design, as illustrated in
the lower inset of Fig. 1. The sample–mask structure was fabricated
by use of a Si3N4 membrane on a Si support frame. On one side of
the membrane we sputtered a 600-nm-thick gold film. Unlike the
Si3N4 membrane, the thicker gold film is opaque for 778-eV X-rays.
On the other side of the membrane a magnetic multilayer with
50 repeats of Co(4 Å)/Pt(7 Å) bilayers was sputter-deposited on a
20-nm-thick Pt base layer18. The multilayer was capped with a 2-nm
Pt layer to prevent corrosion. We then used a focused ion beam to
cut a circular aperture of diameter 1.5 mmout of the gold film, down
to the Si3N4 membrane.

Figure 2 Hologram recorded with X-rays (right circular polarization) at a wavelength of

1.59 nm. The maximum in-plane momentum transfer in the measurement is

^0.13 nm21, shown up to ^0.06 nm21 in the image. Intensity is represented on a

logarithmic grey scale, with black denoting the minimum intensity of 103 and white

denoting the maximum intensity of 105. Black and white appear saturated in the picture

only, the dynamic range of the hologram is 107.

Figure 1 Scheme of the experimental set-up. Monochromatized and circular polarized
X-rays are incident on a mask–sample structure after spatial coherence filtering. The

object and reference beam are defined by the mask, and the resulting hologram is

recorded on a CCD detector. The lower inset shows the geometry and an electron

microscopy image of the mask–sample structure. The scale bar in the microscopy image

is 2.0mm. The top inset shows a STXM image of the magnetic structure illuminated

through the sample aperture. The field of view is 1.5 mm.

letters to nature
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Recorded hologram and Fourier transform

graphically formed interference pattern. Our implementation
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of Fourier transform holography, is transferable to a wide variety
of specimens, appears scalable to diffraction-limited resolution,
and is well suited for ultrafast single-shot imaging with coherent
X-ray free-electron laser sources4.
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the X-rays to characteristic absorption edges we can generate
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of variable X-ray polarization the sensitivity and contrast is
extended to charge5 and spin orientations6,7. Our holography-
based method overcomes the central problem of all indirect
methods—the recovery of the phase information2,8,9—with the use
of a nanoscale reference aperture next to the sample that phases the
recorded interference pattern1,10. Our method is simple and suitable
for imaging a variety of nanostructures, and the achievable resolu-
tion is, in principle, limited only by the soft X-ray wavelength, which
is about a factor of ten smaller than the resolution achievable with
image-forming X-ray lenses today.
This lensless spectro-holography technique does not require any

kind of image-forming lenses, such as zone plates used in conven-
tional X-ray microscopy11 or electron optical lenses used for image
formation in X-ray-induced photoemission electron microscopy12.
Because holography-based methods require a coherence length that
is longer than the optical path length differences encountered in the
experiment, they have largely been restricted to lasers. For nanoscale
applications, however, shorter-wavelength radiation is needed to
overcome the diffraction-limited spatial resolution of conventional
lasers13. In principle, X-rays allow higher spatial resolution, but in
practice, submicrometre resolution has rarely been achieved14, with

the notable exceptions of refs 15 and 16, in which spatial resolutions
of about 50 nm were achieved using combined holography and
microscopy approaches15,16.

Our studies use the high coherent flux and the polarization and
photon-energy tunability available at advanced synchrotron radi-
ation sources, such as the BESSY-II storage ring, where we carried
out the present work. In particular, we use the large X-ray magnetic
circular dichroism effect at the L-edges of the transition metals for
image contrast17 so that our method is a true combination of
spectroscopy and holography. The new technique is complementary
to direct magnetic X-ray imaging methods based on photoemission
electron microscopy or transmission X-ray microscopy.

Our experimental arrangement is illustrated in Fig. 1. We used
circularly polarized soft X-rays from an undulator source in con-
junction with a spherical grating monochromator that determined
the longitudinal coherence length. At the photon energy 778 eV
(wavelength 1.59 nm) used in our study, corresponding to the Co L3
absorption edge, the longitudinal coherence length was y l ¼ l2/
(2Dl) ¼ 1.6 mm, where l is the wavelength. The beam from the
monochromator was incident on an aperture of diameter
D ¼ 20 mm that acted as a transverse coherence filter. The central
Airy disk of the transmitted beam coherently illuminated a nano-
structured transmissionmask directly in front of the sample, both of
which are placed z ¼ 723mm behind the coherence filter. This
geometry determined the transverse coherence length of y t ¼ (lz)/
(2pD) ¼ 9.1 mm. An in-vacuum charge-coupled device (CCD)
camera, positioned 315mm downstream of the mask–sample
structure, was used to record the hologram.

The key element in this experiment is the mask–sample arrange-
ment. We chose an integrated mask–sample design, as illustrated in
the lower inset of Fig. 1. The sample–mask structure was fabricated
by use of a Si3N4 membrane on a Si support frame. On one side of
the membrane we sputtered a 600-nm-thick gold film. Unlike the
Si3N4 membrane, the thicker gold film is opaque for 778-eV X-rays.
On the other side of the membrane a magnetic multilayer with
50 repeats of Co(4 Å)/Pt(7 Å) bilayers was sputter-deposited on a
20-nm-thick Pt base layer18. The multilayer was capped with a 2-nm
Pt layer to prevent corrosion. We then used a focused ion beam to
cut a circular aperture of diameter 1.5 mmout of the gold film, down
to the Si3N4 membrane.

Figure 2 Hologram recorded with X-rays (right circular polarization) at a wavelength of

1.59 nm. The maximum in-plane momentum transfer in the measurement is

^0.13 nm21, shown up to ^0.06 nm21 in the image. Intensity is represented on a

logarithmic grey scale, with black denoting the minimum intensity of 103 and white

denoting the maximum intensity of 105. Black and white appear saturated in the picture

only, the dynamic range of the hologram is 107.

Figure 1 Scheme of the experimental set-up. Monochromatized and circular polarized
X-rays are incident on a mask–sample structure after spatial coherence filtering. The

object and reference beam are defined by the mask, and the resulting hologram is

recorded on a CCD detector. The lower inset shows the geometry and an electron

microscopy image of the mask–sample structure. The scale bar in the microscopy image

is 2.0mm. The top inset shows a STXM image of the magnetic structure illuminated

through the sample aperture. The field of view is 1.5 mm.
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This ‘sample aperture’ defines the object beam through the
sample. An image of the magnetic domain structure within the
sample aperture was recorded by scanning transmission X-ray
microscopy19 (STXM) and is shown in the upper inset of Fig. 1. It
reveals a characteristic worm domain pattern where the black and
white areas correspond to domains that have opposite out-of-plane
magnetization directions18. Next to the sample aperture, at a centre-
to-centre distance of 3mm, a circular pinhole was drilled by a
focused ion beam through the entire mask–sample structure. This
high-aspect-ratio pinhole defines the reference beam. It had a
conical shape along the beam direction with a diameter of 350 nm
at the (Au) front side and 100 nm at the (multilayer) back side.

The in-plane reference hole and sample aperture conveniently
define a lensless Fourier transform holography geometry20,21. The
Fourier transform hologram recorded with circularly polarized soft

X-rays of positive helicity is shown in Fig. 2. The incident intensity
was adjusted so that the intense central peak in the hologram could
be detected without saturation down to a minimum momentum
transfer of 2p/(10 mm). This led to typical exposure times of 10 s per
frame. Fifty frames were accumulated to improve the counting
statistics in the image. The Fraunhofer ring pattern dominating the
centre of the hologram originates from the sample aperture with
diameter 1.5 mm. A high-frequency oscillation created by the inter-
ference of object and reference wave is visible with high contrast.
Small angle scattering caused by the magnetic domain struc-
ture17,22,23 in the Co/Pt multilayer film is visible as a broad ring
with an average momentum transfer of jqj ¼ 0.036 nm21. This
small angle scattering ring is broken up into individual speckle
attributable to object–object and object–reference interference.
Owing to the off-axis geometry in Fourier transform holography,

the object image and its conjugate can easily be separated and
retrieved by a single Fourier transformation of the scattering
intensity1. In Fig. 3a we present a digital two-dimensional fast
Fourier transformation of the magnetic X-ray hologram in Fig. 2.
The intense area in the centre contains the sample–sample
and reference hole–reference hole autocorrelations. The sample–
reference hole cross-correlations are seen on opposite sides of the
central structure. They contain the desired information and directly
give a high-quality transmission image of the lateral magnetic
domain structure. On helicity reversal of the incident soft X-rays,
we observe in the image an inversion of the magnetic domain
contrast as expected, while the mask contrast remains unaffected23.
Therefore, as in magnetic spectro-microscopy, the difference of two
opposite helicity images can be used to enhance the magnetic
contrast and suppress any non-magnetic contributions. A helicity
difference image is shown in Fig. 3b.
The magnetization map obtained by X-ray holography is in

perfect agreement with the one obtained by STXM (Fig. 1, top
right). Note that both have been recorded by exploiting the same
dichroism contrast mechanism. This provides unambiguous proof
that our lensless X-ray Fourier transform holography approach
gives a unique real-space image of the sample.
To evaluate the spatial resolution, line scans through the mag-

netic profile obtained with spectro-microscopy and spectro-holo-
graphy are compared in Fig. 3b. Both profiles are in quantitative
agreement, indicating that the lateral resolution is essentially the
same. The 10% to 90% contrast change in the image profiles has a
width of 50 nm. The high spatial resolution is somewhat surprising,
because in Fourier transform holography it is limited by the size of
the reference source given in our case by the 100-nm diameter of the
reference pinhole. Scanning electron microscopy (SEM) images
show only the entrance and exit of the pinhole, so we cannot rule
out the presence of a smaller constriction inside the high aspect ratio
(1:8) pinhole channel. It is more likely, however, that the pinhole,
tapered because of the 88 convergence of the focused ion beam, acts
as a capillary waveguide and reduces the focal spot size24.
Our experimental scheme, based on a nanostructured trans-

mission mask on a transparent membrane, can be applied to a
variety of different specimens. Samples can be grown directly on the
back of a membrane, as presented here, or be introduced on a
separate membrane and mounted in direct contact with the mask.
Nanoparticles, colloids or biological samples could be placed into
the object area in a controlled fashion by using, for example,
integrated light microscopy and manipulator stages, as used for
microinjection in biotechnology. Furthermore, one can easily envi-
sion an entire array of sample and reference apertures, allowing
high-throughput investigations.
Our fixed arrangement of sample and reference aperture within

the same plane greatly facilitates alignment, reduces the sensitivity
to beam drift and eliminates focusing corrections in the holographic
image reconstruction. It is also possible to record images with
different well-defined shapes of the reference hole to apply appro-

Figure 3 Images retrieved from the hologram. a, Two-dimensional fast Fourier
transformation of the hologram in Fig. 2. b, Zoomed-in image, obtained by subtracting the
Fourier transformations of opposite-helicity holograms. Below are shown scan lines

through the holographic image (red) and the STXM image in Fig. 1 (blue).
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Figure 1. Schematic view of the different imaging experiments using coherent
beams. (Top panel) CXDI experiment: a single pulse from the FEL first interacts
with the sample, and then the diffracted radiation propagates to a CCD detector.
(Middle panel) In-line holography experiment: single pulses from the FEL first
scatter on the pinhole, then part of the reference beam interacts with the sample,
and then the interference pattern is measured on a CCD detector. (Bottom
panel) FTH experiment: single pulses from the FEL interact with the sample
and reference point scatterer resulting in an interference pattern measured on a
CCD detector.

New Journal of Physics 12 (2010) 035003 (http://www.njp.org/)
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Imaging of molecules / Crystallography

Patterson function:  Autocorrelation function of density distribution

Inverse Fourier transform of measured intensity pattern.

P = FT�1(|�|2)
Known as “the phase problem”
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Lens less diffraction microscopy
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Far-field (lensless) imaging

Adapted from http://www.physics.ucla.edu/



Diffraction microscopy
Coherent Diffractive Imaging (CDI)

J. Phys.: Condens. Matter 23 (2011) 083002 Topical Review

Figure 5.1. Schematic of a diffraction microscopy experimental
setup. An incoming plane wave illuminates an isolated specimen.
The diffraction pattern from the specimen is recorded on a
pixel-array detector.

diffraction, the intensity measured in the detector plane is
equal to the absolute value squared of the Fourier transform
of the exit wave in the image plane. The coherence of the
incident wave gives rise to a characteristic ‘speckle pattern’
in the diffraction plane. It is from this speckle pattern that
real-space information on the specimen is extracted. As in
crystallography, the phase problem is the main obstacle to the
simple inversion of the diffraction pattern since given only the
magnitudes of a Fourier transform, there exists an infinity of
possible solutions to the problem, corresponding to all possible
assignments of phases to the Fourier components.

For both technical and fundamental reasons, the
diffraction pattern has to be sampled on a grid fine enough
to satisfy Nyquist’s criterion (Shannon 1949). According to
Shannon’s theorem, satisfying this so-called ‘oversampling’
condition ensures that the smooth diffraction pattern is known
at all points within the detector area, provided that it is band-
limited. In this context, ‘band-limited’ means that the sample
has to occupy a sufficiently compact region of space (called the
support), thus imposing the critical experimental constraint that
the sample be isolated. The fact that most of the field of view is
empty, as a result of the sample isolation, provides the required
additional constraint to make the phase problem approachable.

Attempts at solving this type of problem—reconstructing
a supported function from the amplitudes of its Fourier
transform—seem to have been somewhat impeded by the early
realization that the solution is never unique in 1D (Wolf 1962,
Walther 1963). An important step was made when Fienup
obtained reproducible and apparently unique solutions of the
2D problem using an iterative algorithm (Fienup 1978). It
was then quickly realized that uniqueness is nearly guaranteed
for problems in dimensions larger than one (Bruck and Sodin
1979, Bates 1982).

Fienup’s early work, itself inspired by a method
introduced by Gerchberg and Saxton (1972), has been
influential in the field of diffractive imaging, especially in
demonstrating the value of iterative algorithms to solve the
phase problem. In recent years, Fienup’s hybrid input–output
algorithm (Fienup 1982) has inspired the development of
other iterative methods, such as the difference map algorithm
(Elser 2003a, 2003b), the shrink-wrap method (Marchesini
et al 2003), and the relaxed averaged alternating reflections
algorithm (Luke 2005).

Figure 5.2. (a) Diffraction pattern of a yeast cell; (b) x-ray
micrograph reconstructed from the diffraction pattern in (a). Figure
adapted from Shapiro et al (2005).

Initial x-ray speckle measurements were not suitable for
reconstructions, either because of insufficient data quality
(Yun et al 1987) or because of partial coherence and of
the complexity of the specimen (Sutton et al 1991). The
first complete demonstration of x-ray diffraction microscopy,
the ‘ABC’ of diffraction microscopy, came about a decade
later (Miao et al 1999). The last ten years saw a
multiplication of demonstrations from various groups and
facilities. Improvements of the original methodology have
been gradually explored and mastered. The goals most actively
pursued are the extension to 3D imaging (Miao et al 2002,
Chapman et al 2006a, Barty et al 2008, Barty 2008) and the
application to biological specimens (Miao et al 2003, Shapiro
et al 2005, Huang et al 2009, Lima et al 2009, Nishino
et al 2009, Nelson et al 2010). Figure 5.2 demonstrates
the performance of such approaches. Diffraction microscopy
has been demonstrated with x-ray free electron laser sources
(Chapman et al 2006b, Bogan et al 2008), high-harmonic
generation sources (Sandberg et al 2008), and highly focused
synchrotron hard x-rays (Schroer et al 2008). A surprising
variant of the method consists in detecting the smooth diffuse
diffraction surrounding the Bragg peak of a nanocrystal instead
of the usual small-angle scattering signal (Williams et al
2003). This approach was shown to give access to selected
components of the strain field within crystallites (Pfeifer et al
2006, Robinson and Harder 2009).

Because they do away with the optics, coherent diffractive
imaging techniques are often seen as having the greatest
potential for high-resolution. X-ray optics affect the image
resolution in two distinct ways. First, the numerical aperture
of a focusing device determines its achievable resolution (the
diffraction limit). Second, zone plates and refractive lenses are
made of partly absorptive materials that limit their efficiency
to typically less than 25%, and often as low as a few per
cent. While the former limitation evolves as improved focusing
devices are fabricated, the latter is more fundamental. Image-
forming optics waste a large fraction of the photons that
interacted with the sample placed upstream. This problem
is critical for high-resolution imaging of radiation-sensitive
specimens because of the strong dose constraints (Shen et al
2004, Howells et al 2009). It is now known that radiation limits
can be overcome with short and powerful pulses of x-ray free
electron lasers by gathering a diffraction signal before damage
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Source: Kaulich et al. J. Phys.: Condens. Matter 23 (2011) 083002
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CDI
J. Phys.: Condens. Matter 23 (2011) 083002 Topical Review

Figure 5.1. Schematic of a diffraction microscopy experimental
setup. An incoming plane wave illuminates an isolated specimen.
The diffraction pattern from the specimen is recorded on a
pixel-array detector.

diffraction, the intensity measured in the detector plane is
equal to the absolute value squared of the Fourier transform
of the exit wave in the image plane. The coherence of the
incident wave gives rise to a characteristic ‘speckle pattern’
in the diffraction plane. It is from this speckle pattern that
real-space information on the specimen is extracted. As in
crystallography, the phase problem is the main obstacle to the
simple inversion of the diffraction pattern since given only the
magnitudes of a Fourier transform, there exists an infinity of
possible solutions to the problem, corresponding to all possible
assignments of phases to the Fourier components.

For both technical and fundamental reasons, the
diffraction pattern has to be sampled on a grid fine enough
to satisfy Nyquist’s criterion (Shannon 1949). According to
Shannon’s theorem, satisfying this so-called ‘oversampling’
condition ensures that the smooth diffraction pattern is known
at all points within the detector area, provided that it is band-
limited. In this context, ‘band-limited’ means that the sample
has to occupy a sufficiently compact region of space (called the
support), thus imposing the critical experimental constraint that
the sample be isolated. The fact that most of the field of view is
empty, as a result of the sample isolation, provides the required
additional constraint to make the phase problem approachable.

Attempts at solving this type of problem—reconstructing
a supported function from the amplitudes of its Fourier
transform—seem to have been somewhat impeded by the early
realization that the solution is never unique in 1D (Wolf 1962,
Walther 1963). An important step was made when Fienup
obtained reproducible and apparently unique solutions of the
2D problem using an iterative algorithm (Fienup 1978). It
was then quickly realized that uniqueness is nearly guaranteed
for problems in dimensions larger than one (Bruck and Sodin
1979, Bates 1982).

Fienup’s early work, itself inspired by a method
introduced by Gerchberg and Saxton (1972), has been
influential in the field of diffractive imaging, especially in
demonstrating the value of iterative algorithms to solve the
phase problem. In recent years, Fienup’s hybrid input–output
algorithm (Fienup 1982) has inspired the development of
other iterative methods, such as the difference map algorithm
(Elser 2003a, 2003b), the shrink-wrap method (Marchesini
et al 2003), and the relaxed averaged alternating reflections
algorithm (Luke 2005).

Figure 5.2. (a) Diffraction pattern of a yeast cell; (b) x-ray
micrograph reconstructed from the diffraction pattern in (a). Figure
adapted from Shapiro et al (2005).

Initial x-ray speckle measurements were not suitable for
reconstructions, either because of insufficient data quality
(Yun et al 1987) or because of partial coherence and of
the complexity of the specimen (Sutton et al 1991). The
first complete demonstration of x-ray diffraction microscopy,
the ‘ABC’ of diffraction microscopy, came about a decade
later (Miao et al 1999). The last ten years saw a
multiplication of demonstrations from various groups and
facilities. Improvements of the original methodology have
been gradually explored and mastered. The goals most actively
pursued are the extension to 3D imaging (Miao et al 2002,
Chapman et al 2006a, Barty et al 2008, Barty 2008) and the
application to biological specimens (Miao et al 2003, Shapiro
et al 2005, Huang et al 2009, Lima et al 2009, Nishino
et al 2009, Nelson et al 2010). Figure 5.2 demonstrates
the performance of such approaches. Diffraction microscopy
has been demonstrated with x-ray free electron laser sources
(Chapman et al 2006b, Bogan et al 2008), high-harmonic
generation sources (Sandberg et al 2008), and highly focused
synchrotron hard x-rays (Schroer et al 2008). A surprising
variant of the method consists in detecting the smooth diffuse
diffraction surrounding the Bragg peak of a nanocrystal instead
of the usual small-angle scattering signal (Williams et al
2003). This approach was shown to give access to selected
components of the strain field within crystallites (Pfeifer et al
2006, Robinson and Harder 2009).

Because they do away with the optics, coherent diffractive
imaging techniques are often seen as having the greatest
potential for high-resolution. X-ray optics affect the image
resolution in two distinct ways. First, the numerical aperture
of a focusing device determines its achievable resolution (the
diffraction limit). Second, zone plates and refractive lenses are
made of partly absorptive materials that limit their efficiency
to typically less than 25%, and often as low as a few per
cent. While the former limitation evolves as improved focusing
devices are fabricated, the latter is more fundamental. Image-
forming optics waste a large fraction of the photons that
interacted with the sample placed upstream. This problem
is critical for high-resolution imaging of radiation-sensitive
specimens because of the strong dose constraints (Shen et al
2004, Howells et al 2009). It is now known that radiation limits
can be overcome with short and powerful pulses of x-ray free
electron lasers by gathering a diffraction signal before damage
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Constraint set formalism

• Fourier space constraint
• The squared magnitudes of the 

Fourier transform are equal to the 
measured intensities.

• Support constraint
• The reconstructed image is non-

zero only inside the support



The phase problem

Object to be 
reconstructed

Measured data

Image courtesy: Martin Dierolf



The phase problem – additional constraints

Object to be 
reconstructed

Measured data

Image courtesy: Martin Dierolf
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What about extended objects?



Ptychography

Source: Kaulich et al. J. Phys.: Condens. Matter 23 (2011) 083002
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Figure 5.3. Schematic illustration of a ptychography experimental
setup. A compact coherent illumination is produced with a small
pinhole (or a lens). Far-field diffraction patterns are measured for
each position of the sample as it is scanned in the beam. The overlap
of the illuminated areas of neighboring scan points creates
redundancy in the data that is exploited to reconstruct the sample’s
image and the illumination profile.

Figure 5.4. Hard x-ray ptychography on a zone plate test specimen.
(a) Scanning electron microscopy (SEM) image of a nanofabricated
sample covered with gold. (b) Phase part of the transmission function
obtained by ptychographic reconstruction. The color scale indicates
the phase shift introduced by the sample on the incoming wave, and
is proportional to the integrated thickness of the object. (c) Selection
of individual diffraction patterns collected for this reconstruction.
Figure adapted from Thibault et al (2008).

development has been published by Rodenburg, one of its key
players (Rodenburg 2008).

It is now known that ptychographic datasets can have such
a high level of redundancy that no prior knowledge about the
incoming illumination is required to successfully reconstruct
the image of the sample (Guizar-Sicairos and Fienup 2008,
Thibault et al 2008), as shown in figure 5.4. Now commonly
used reconstruction algorithms extract both the sample’s
transmission function and the complex-valued illumination
function from a single dataset. This new development
has proven highly valuable to reduce reconstruction artifacts

(Maiden and Rodenburg 2009, Thibault et al 2009a, 2009b)
and to characterize the wavefront produced by x-ray optics
upstream from the sample (Kewish et al 2010a, Schropp et al
2010). Recent demonstrations with hard x-rays have shown
the high sensitivity of the technique with weakly scattering
biological samples (Dierolf et al 2010a, Giewekemeyer et al
2010), and the quantitative quality of the reconstructions was
highlighted with the recent tomographic reconstruction of a
bone sample (Dierolf et al 2010b).

The main restrictions of ptychography are relatively
obvious: being a scanning technique, the total acquisition
time can be long, and resolution can be limited by mechanical
instabilities. In particular, it will have little application for the
upcoming x-ray free electron lasers, except perhaps in special
cases like structure determination from 2D crystals (Kewish
et al 2010b).

6. Modern x-ray microscopes and their applications

6.1. SXM at beamline ID21 of the European Synchrotron
Radiation Facility

Recently, the ID21 SXM (Susini et al 2004) has contributed
to the elucidation of ancient opaque glass manufacturing
processes (figure 6.1(A)). X-ray fluorescence mapping enables
the identification and localization of micrometric crystals
(figure 6.2(B)), whereas the XANES spectra measured with
a sub-micrometric probe, specifically in the vitreous matrix
embedding the crystals (figure 6.1(C)) provide more detailed
chemical information. Although the instrument can work also
in transmission mode, in this particular study of a very thick
specimen the XANES spectra were obtained by monitoring
the emitted total fluorescence yield. Spectra acquired on
ancient products (Egyptian, Roman, etc) are compared with
reference spectra of synthetic opaque glasses, obtained by
in situ crystallization, e.g. introduction of Sb2O4 (red in
figure 6.1(C)), or by addition of synthetic calcium antimonate
crystals (blue in figure 6.1(C)). Combined with high-resolution
transmission electron microscopy analyses, these experiments
provide new hypotheses about ancient glass manufacturing
processes in the antiquity. In particular, it is proven that
Egyptian glassmakers synthesized nanocrystals of calcium
antimonates, that were then introduced into glass to opacify
it (Lahlil et al 2010a, 2010b).

6.2. Laboratory soft x-ray TXM using a compact laser plasma
source at BIOX, KTH Stockholm

The development of compact laboratory TXM is motivated
by the limited access to synchrotron-based x-ray microscopes
and the high request for x-ray microscopes optimized for daily
characterization of particular materials.

We describe a type of TXM instrument developed at the
BIOX facility of the KTH Stockholm, Sweden (Takman et al
2007, Hertz et al 2009), which works in the water window
dedicated exclusively to studies of biological samples. This
compact table-top TXM uses a soft x-ray emitting plasma
source generated with a pulsed high-power laser (λ = 532 nm,
3 ns, 100 Hz, 100 mJ) focused onto the laminar flow of
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Ptychographic coherent diffractive imaging

brightness => amplitude
hue => phase



Ptychographic coherent diffractive imaging

brightness => amplitude
hue => phase Overlapping illumination!
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pinhole (or a lens). Far-field diffraction patterns are measured for
each position of the sample as it is scanned in the beam. The overlap
of the illuminated areas of neighboring scan points creates
redundancy in the data that is exploited to reconstruct the sample’s
image and the illumination profile.

Figure 5.4. Hard x-ray ptychography on a zone plate test specimen.
(a) Scanning electron microscopy (SEM) image of a nanofabricated
sample covered with gold. (b) Phase part of the transmission function
obtained by ptychographic reconstruction. The color scale indicates
the phase shift introduced by the sample on the incoming wave, and
is proportional to the integrated thickness of the object. (c) Selection
of individual diffraction patterns collected for this reconstruction.
Figure adapted from Thibault et al (2008).

development has been published by Rodenburg, one of its key
players (Rodenburg 2008).

It is now known that ptychographic datasets can have such
a high level of redundancy that no prior knowledge about the
incoming illumination is required to successfully reconstruct
the image of the sample (Guizar-Sicairos and Fienup 2008,
Thibault et al 2008), as shown in figure 5.4. Now commonly
used reconstruction algorithms extract both the sample’s
transmission function and the complex-valued illumination
function from a single dataset. This new development
has proven highly valuable to reduce reconstruction artifacts

(Maiden and Rodenburg 2009, Thibault et al 2009a, 2009b)
and to characterize the wavefront produced by x-ray optics
upstream from the sample (Kewish et al 2010a, Schropp et al
2010). Recent demonstrations with hard x-rays have shown
the high sensitivity of the technique with weakly scattering
biological samples (Dierolf et al 2010a, Giewekemeyer et al
2010), and the quantitative quality of the reconstructions was
highlighted with the recent tomographic reconstruction of a
bone sample (Dierolf et al 2010b).

The main restrictions of ptychography are relatively
obvious: being a scanning technique, the total acquisition
time can be long, and resolution can be limited by mechanical
instabilities. In particular, it will have little application for the
upcoming x-ray free electron lasers, except perhaps in special
cases like structure determination from 2D crystals (Kewish
et al 2010b).

6. Modern x-ray microscopes and their applications

6.1. SXM at beamline ID21 of the European Synchrotron
Radiation Facility

Recently, the ID21 SXM (Susini et al 2004) has contributed
to the elucidation of ancient opaque glass manufacturing
processes (figure 6.1(A)). X-ray fluorescence mapping enables
the identification and localization of micrometric crystals
(figure 6.2(B)), whereas the XANES spectra measured with
a sub-micrometric probe, specifically in the vitreous matrix
embedding the crystals (figure 6.1(C)) provide more detailed
chemical information. Although the instrument can work also
in transmission mode, in this particular study of a very thick
specimen the XANES spectra were obtained by monitoring
the emitted total fluorescence yield. Spectra acquired on
ancient products (Egyptian, Roman, etc) are compared with
reference spectra of synthetic opaque glasses, obtained by
in situ crystallization, e.g. introduction of Sb2O4 (red in
figure 6.1(C)), or by addition of synthetic calcium antimonate
crystals (blue in figure 6.1(C)). Combined with high-resolution
transmission electron microscopy analyses, these experiments
provide new hypotheses about ancient glass manufacturing
processes in the antiquity. In particular, it is proven that
Egyptian glassmakers synthesized nanocrystals of calcium
antimonates, that were then introduced into glass to opacify
it (Lahlil et al 2010a, 2010b).

6.2. Laboratory soft x-ray TXM using a compact laser plasma
source at BIOX, KTH Stockholm

The development of compact laboratory TXM is motivated
by the limited access to synchrotron-based x-ray microscopes
and the high request for x-ray microscopes optimized for daily
characterization of particular materials.

We describe a type of TXM instrument developed at the
BIOX facility of the KTH Stockholm, Sweden (Takman et al
2007, Hertz et al 2009), which works in the water window
dedicated exclusively to studies of biological samples. This
compact table-top TXM uses a soft x-ray emitting plasma
source generated with a pulsed high-power laser (λ = 532 nm,
3 ns, 100 Hz, 100 mJ) focused onto the laminar flow of
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Solution: Reconstruct object and illumination
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